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ABSTRACT

This study examines the fundamental principles governing the early stages of
skeletal morphogenesis. I specifically investigate the specification of
mesenchymal progenitor cells to a skeletal fate. Using explant culture system, I
determine that the pharyngeal endoderm was sufficient, but not necessary for
specifying pre-chondrogenic identity. FGF signaling is both sufficient and
required for specification of Sox9 expression and specification of prechondrogenic identity, as demonstrated by the addition of recombinant FGF
protein or the FGF receptor inhibitor (SU5402) to explanted tissue, respectively.
However, FGF signaling cannot maintain Sox9 expression or initiate the
chondrogenic program as indicated by the absence of Col2a1 transcripts. BMP4
signaling induces and maintains Sox9 expression in the isolated mesenchyme,
but only in combination with FGF signaling is capable of inducing Col2a1
expression, and thus, chondrogenesis. I propose that this represents a general
mechanism of local signals specifying pre-chondrogenic identity and initiation of
the chondrogenic program.

Additionally, I determine how specified mesenchymal cells integrate mechanical
and molecular information from their environment forming a cartilage
condensation. The classical model defines condensation based on increased cell
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density. Based on the results, I propose a revised model for skeletal
condensation, which is based on differential cell shape changes and independent
of increasing cell density. By disrupting cytoskeletal reorganization, I demonstrate
that tension dependent dynamic cell shape changes drive condensation and
modulate the response of the condensing cells to FGF, BMP and TGF-β
pathways. Rho Kinase driven actomyosin contractions and myosin II generated
differential cell cortex tension drive the cell shape changes and negatively TGF-β
pathway. Dorsal and ventral condensations undergo distinct cell shape changes
with BMP regulating the dorsal specific cytoskeletal reorganization. This study
elucidates the fundamental principles of interplay between mechanical forces and
molecular signaling, in a self-organizing system, generating shape and form.
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CHAPTER 1

INTRODUCTION

Aim and hypothesis

The broad focus of this study is to examine the fundamental principles governing
the early stages of skeletal morphogenesis. I will specifically investigate two of
the critical steps of skeletal morphogenesis: specification of mesenchymal
progenitor cells to a skeletal fate and 2) self-organization leading to
mesenchymal condensation. The two aims of this study are –

1. To test the role and the nature of signals from the pharyngeal endoderm
specifying the neural crest-derived mesenchyme to a chondrogenic fate. I
hypothesize that BMP and FGF signaling from the pharyngeal endoderm, act
together to induce and pattern chondrogenic identity in adjacent postmigratory neural crest derived mesenchyme.

2. To test the integration of mechanical forces and molecular signaling leading to
skeletal condensation. I hypothesize that dynamic cell shape changes,
resulting from continuous and coordinated interplay between molecular
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signaling, cell cortex tension and adhesive forces, drive mesenchymal
condensation

Structure of the dissertation

The introduction is divided into two parts. Part 1 includes introductory topics to
skeletal specification such as endochondral ossification and pharyngeal arch
morphology. Part 2 provides a including general overview of tissue
morphogenesis, morphogens gradients, mechanical forces and cell shape
changes. Aim 1 and Aim 2 are discussed in Chapter 2 and 3 respectively, which
are presented using their respective publication format. The final chapter includes
the discussions of the overall thesis with conclusions and future directions.
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Part 1

Endochondral ossification

Endochondral ossification occurs when a group of skeletal progenitor cells forms
a cartilage template, which is later replaced by bone (Fig. 1). In contrast, during
intramembranous ossification, bone development occurs without an intermediate
cartilage template (Hall and Miyake, 2000; Ornitz and Marie, 2002). Most of the
bones of the face and base of the skull develop by endochondral ossification
including the middle ear ossicles and otic capsule, whereas intramembranous
ossification includes the flat bones of the skull such as the vomer and the parietal
bone (Day et al., 2005).

Endochondral ossification follows a characteristic series of steps: specification of
progenitor cells, mesenchymal condensation, overt chondrogenesis and final
osteogenic differentiation (Hall and Miyake, 2000). In this study, I will focus on
the specification of progenitor cells (Chapter 2) and mesenchymal condensation
(Chapter 3) during endochondral ossification.

	
  

3	
  

Figure 1: Schematic representation of endochondral and intramembranous
ossification.
A – Characteristics steps of endochondral ossification
Yellow – perichondrium/osteoprogenitor cells
Blue – chondrocytes
Purple – hypertrophic chondrocytes
Red – blood vessels
B - Characteristics steps of intramembranous ossification
Pink - osteoprogenitor cells
Yellow – perichondrium
White round cells – osteocytes (Image adapted from Orntiz and Marie, 2002)
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Morphology of the pharyngeal arches

Pharyngeal arches are complex, metameric structures in vertebrate embryos,
which develop as bulges on the ventro-lateral aspect of the head (Graham, 2001;
Lindsay, 2001) (Fig. 2). In chick, pharyngeal arches 1-4 develop in an anteriorposterior sequence and maintain their distinct identity. All three germ layers and
neural crest contribute to the tissue of the pharyngeal arches. Surface ectoderm
forms the outer epithelial lining and the inner pharyngeal endoderm will form the
epithelial lining of the pharynx. (Graham, 2001; Lindsay, 2001) Neural crestderived mesenchyme forms the majority of the skeletal elements and connective
tissue of the pharyngeal arches. An inner mesodermal core gives rise to the
muscles and vasculature.
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Figure 2: Morphology of the pharyngeal arches.
a – lateral view. Pharyngeal arches 1-4 and 6 develop in an anterior (A)-posterior
(P) sequence. b – frontal view. All three germ layers contribute to the pharyngeal
arches. Surface ectoderm is green, red is neural crest, blue is endoderm, beige is
head mesoderm and orange is the arch arteries (Image from Lindsay 2001).
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The pharyngeal arch skeletal elements are subdivided into dorsal and ventral
bones based on their location (Fig. 3). The ventrally located endochondral bones
are the hyoid skeleton (basihyal, basibranchial, ceratobranchial and epibranchial)
and extracolumella. The dorsally located bones are columella, otic capsule and
the basal plate (Ruhin et al., 2003; Wood et al., 2010). In Chapter 3, I will
examine the condensation of both dorsal and ventral skeletal elements.
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Figure 3: Transverse section of the head region of a chick embryo showing
the second pharyngeal arch at embryonic day 4.
The section can de divided into dorsal and ventral skeletal portions, each of
which will give rise to distinctive skeletal elements. b – blood vessels, cd cochlear duct, nc – notochord, nt – neural tube, pe – pharyngeal endoderm, se –
surface ectoderm, V – ventral, D – dorsal.
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Neural crest derived skeletal elements

Skeletal elements of the pharyngeal arches are derived form neural crest cells
with minor contributions from the head mesoderm and the first somite (Couly et
al., 1993; Kontges and Lumsden, 1996; Creuzet et al., 2002; Le Douarin et al.,
2004). Neural crest cells are a transient population situated between the dorsal
neural tube and surface ectoderm (Fig. 4). The neural crest cells migrate upon
neural tube closure to multiple regions in the embryo. In the head, neural crest
cells contribute to craniofacial skeletal elements, pigment cells of the skin and
neurons and glial cells of the peripheral nervous system.
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Figure 4: Neural crest cells migrate to the pharyngeal arches.
Left panel – onset of neural crest migration. Blue – neural tube, red – notochord,
grey – epidermis/ non-neural ectoderm, green – neural crest cells.
Right panel – migration of neural crest cells to the pharyngeal arches. NC –
neural crest cells, r – rhombomere, BA – branchial/pharyngeal arches.
The boxed region demonstrates the migration of neural crest cells from
rhombomere 4 to pharyngeal arch 2. (Image adapted from
http://www.mun.ca/biology/desmid/brian/BIOL3530/DEVO_05/ch05f17.jpg/03271
3 and Cruezet et al., 2002)
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The experimental focus of this research is second pharyngeal arch derived
skeletal elements. Neural crest cells, from rhombomere 4 in the hindbrain, form
the skeletal elements of the second pharyngeal arch of chick embryo, with minor
contributions from rhombomere 3 and rhombomere 5 (Kontges and Lumsden,
1996; Ruhin et al., 2003). The second arch has both proximal and distal skeletal
elements. For example, the chick middle ear columella is a proximal arch derived
skeletal element, while the hyoid bones (tongue skeleton in chick) are distally
located. Migration of neural crest cells into distal portion of the arches occurs first
followed by backfilling of the proximal part. Therefore, the proximal and distal
populations of neural crest cells encounter differential migratory and local signals
resulting in differential gene expression and unique identities (Creuzet et al.,
2002; Ruhin et al., 2003; Le Douarin et al., 2004; Wood et al., 2010).
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Specification of neural crest derived skeletal elements

The mechanism of neural crest cells specification towards a skeletal lineage is
poorly understood. In this study, I will examine the role of pharyngeal endoderm
derived signals during specification of neural crest derived mesenchyme. I
hypothesize that BMP and FGF signals, originating from the adjacent pharyngeal
endoderm specifies prechondrogenic and chondrogenic identity in the neural
crest derived mesenchyme.

During endochondral ossification in the pharyngeal arches, neural crest cells are
specified by signals originating in the adjacent epithelia (Creuzet et al., 2004; Le
Douarin et al., 2004; Creuzet et al., 2005; Brito et al., 2006; Benouaiche et al.,
2008). Pharyngeal endoderm regulates skeletal patterning in the pharyngeal
arches (Ruhin et al., 2003; Creuzet et al., 2005; Benouaiche et al., 2008). In
chick studies where the pharyngeal endoderm was ablated, skeletal elements
failed to develop (Creuzet et al., 2005). However, the effect on chick middle ear
columella was not assessed. Conversely, in the experiment where exogenous
pharyngeal endoderm was added, duplication of skeletal elements occurred.
Similarly, in zebrafish models of endoderm mutants (van gogh, cas and bon)
craniofacial cartilage development is affected (Piotrowski et al., 1996; Alexander
et al., 1999; David et al., 2002). However, those studies could not precisely
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determine the temporal requirement of signals from endoderm during craniofacial
patterning. For example, in the studies with chick, the endoderm was excised at a
stage when neural crest migration was yet not complete and thus, those studies
could not differentiate between a migratory or post-migratory signaling
requirement. Similarly, in the zebrafish mutants, the neural crest cells failed to
migrate to the branchial arches properly. Here, I examine the precise role of
signals originating from the pharyngeal endoderm in patterning post-migratory
neural crest populations (Chapter 2). Several signaling molecules from the
endoderm are involved during craniofacial patterning. Specifically, Fibroblast
Growth Factor (FGF) members such as FGF8 regulate the early patterning of the
neural crest derived skeletal elements of the jaw (Creuzet et al., 2004). Similarly
several Bone Morphogenetic Family (BMP) family members such as BMP2 and
BMP4 are expressed in the endoderm after neural crest migration and regulate
early craniofacial patterning (Lee et al., 2001; Abzhanov et al., 2004; Wu et al.,
2004; Wood et al., 2010). Here, I will examine the individual and the collective
roles of FGF and BMP signaling during specification of prechondrogenic identity
and the onset of chondrogenic program. I will determine if pharyngeal endoderm
is both sufficient and necessary to specify the neural crest mesenchyme towards
a prechondrogenic lineage. I will also test if FGF signaling, from the endoderm, is
sufficient and required to specify the neural crest cells. Additionally, I will examine
whether FGF and BMP signaling together maintain the prechondrogenic identity
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and initiates the chondrogenic program in the specified mesenchyme of the
second pharyngeal arch.
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Part 2

Molecular versus physical interpretation of morphogenesis

In an embryo, complex patterns arise from disordered and apparently random
cell dynamics (Martin et al., 2009). The mechanisms governing the
spatiotemporal regulation of shape and pattern formation is the broad topic
addressed in this thesis.

In the middle of last century, Alan Turing proposed the morphogen theory - “a
system of chemical substances, called morphogens, reacting together and
diffusing through a tissue, is adequate to account for the main phenomena of
morphogenesis” (Turing, 1952; Turing, 1990). The concept of morphogens thus
became central to the understanding of pattern formation. During the later half of
the last century, studies focused on the role of secreted signaling molecules
when examining pattern formation, largely ignoring the material properties of the
cell (Lecuit, 2008; Howard et al., 2011). The idea that distribution of signaling
molecules with different diffusion coefficients translates to self-organization at
tissue level was a remarkable conceptual advancement. However it was
inadequate to fully explain collective, morphogenetic cell behaviors such as
migration, folding, bending and branching (Lecuit, 2008; DuFort et al., 2011).
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Physical properties of a cell and its microenvironment are crucial to the
understanding of tissue morphogenesis. At the beginning of the 21st century
scientists started focusing on the mechanical forces regulating morphogenesis
(Lecuit, 2008; Howard et al., 2011). The understanding that mechanical forces
transduce into changes in gene expression and signaling cascades was further
conceptual leap, which forms the basis of the current understanding of
morphogenesis (Mammoto and Ingber). An integration of the molecular and
physical perspectives is required for a comprehensive understanding of tissue
morphogenesis. In this study, I will implement that integrative approach in order
to examine skeletal morphogenesis.

	
  

16	
  

Growth factors, gradients and morphogenetic fields

Secreted, diffusible molecules called morphogens regulate cell fate decisions in a
developing embryo. Boveri and Hörstadius proposed the theory of gradients of
form producing substances pattering tissues and organs (Wartlick et al., 2009).
Ross Harrison’s seminal experiment demonstrated that forelimbs in salamander,
cut into halves and transplanted into the flank, were capable of regenerating the
whole limb (Harrison, 1917). It established the concept of ‘self-differentiating
morphogenetic fields’. Later, Spemann and Mangold discovered the organizer, a
group of cells acting as a signaling center, which induces differentiation of the
neighboring cells. In their famous experiment, they transplanted the dorsal lip of
the blastopore to the opposite ventral pole of a salamander embryo resulting in
formation of conjoined twins (Spemann, 1924; Spemann and Mangold, 2001).
Turing formally introduced the concept of morphogens (Fig. 5), which was further
established by Lewis Wolpert and his French flag model (Wolpert, 1969; Turing,
1990). In this model (Fig. 6), the colors of the French flag (blue, white and red)
are used to represent the local concentration of morphogens (high, low and
below threshold, respectively), which corresponds to differential fate decisions in
the responding cells (Wolpert, 1969).

	
  

17	
  

Figure 5. Morphogen gradient leading to pattern formation in tissues.
A (left) – epithelial tissue, A (right) – mesenchymal tissue. B – a single row of
cells representing the whole gradient. Different colored nuclei represent different
gene expression in the cells corresponding to morphogen gradient curve
represented in C. Red – high threshold, orange – medium and blue – low. C – a
continuum model where the morphogen concentration (c) is a function of
positions (x) (Image from Wartlick et al., 2009).
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Figure 6. French flag model of morphogen gradient.
A linear gradient of morphogen is secreted from source (green cells) and is
degraded at sink (pink cells). This results in differential gene expression in the
cells corresponding to the morphogen concentration (blue, white and red
respectively), leading to distinct cell fates. Image from (Jaeger et al., 2008).
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The advent of molecular biology and genetics in the 1970s drove the
understanding of the molecular identity of the morphogens. Bicoid, the anterior
patterning gene in Drosophila was the first morphogen discovered (Driever and
Nusslein-Volhard, 1988). The next conceptual advance was the discovery that
morphogens are conserved among different species. Even more surprising was
the finding that a coherent network of conserved signaling pathways regulates
pattering in a context dependent manner. For example, Bone Morphogenetic
Protein (BMP) family members regulate dorsoventral axis formation in both
vertebrates and invertebrates. Moreover, in vertebrate embryos, the same BMP
signaling pathway regulates both formation of the dorsoventral axis and skeletal
development at different time points (Dosch et al., 1997; Wan and Cao, 2005;
Lecuit, 2008; Tucker et al., 2008). In the early 1990’s, the molecular identity of
Spemann organizer was discovered, when De Robertis and colleagues
demonstrated that goosecoid, a homeobox gene is specifically expressed in the
Spemann organizer, inducing dorsal identity in the mesodermal cells (De
Robertis, 2006). Although the concept of morphogen gradients regulating tissue
patterning is experimentally well established, there is little evidence of actual
diffusion of morphogens occurring across the tissues. The current theory of
morphogen dispersion across tissue involves transport through specialized
vesicles and active modifications of ligands by extracellular matrix (ECM).
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Specifically, Hedgehog protein is transferred via specialized filopodial extensions
called “cytonemes” during Drosophila wing patterning (Roy et al., 2011).

Mechanical forces that regulate morphogenesis

Mechanical forces regulate spatiotemporal interaction of cells, thereby regulating
tissue morphogenesis. During development, a diverse range of forces including
tension, compression, shear stress and hydrostatic pressure play critical roles in
shaping tissues and organs (Mammoto and Ingber, 2010; DuFort et al., 2011)
(Fig 7). In this study, I will focus on the role of tensile forces in patterning skeletal
condensation (Chapter 3).
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Figure 7. Differential cell cortex tension regulates germ layer organization
in zebrafish.
The left panel represents sorting of germ layers based on differential cell cortex
tension. In a and d, ectoderm is red and mesoderm and endoderm are green. In
b and e, mesoderm is red and endoderm is green. In c and f, ectoderm is red and
mesoderm is green. In the right panel, F-actin staining is shown in the cells of
ectoderm (g), endoderm (h) and mesoderm (i). (Image from Krieg et al., 2007)
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Organisms have evolved specialized components within cells that specifically
respond to mechanical forces including cytoskeletal structures, adhesion
molecules and ion channels. These specialized structures are evolutionarily
conserved among species similar to the biochemical signaling molecules (DuFort
et al., 2011). Forces acting on the cells are both intrinsic and extrinsic in nature.
Intrinsic forces mainly arise due to the tension generated by the contractile
actomyosin cortex (the scaffold of actin together with myosin motor protein
underlying the plasma membrane) (Fig. 8). The cortical tension acts on the cell
membrane, pulling inward to decrease the surface of contact. The extrinsic forces
result from interactions of cell-cell or cell-ECM adhesion molecules. The adhesive
forces pull the cell membrane outwards, acting to increase the surface of contact.
The balance between the opposing intrinsic and extrinsic forces creates tensional
homeostasis, which maintains the physical properties of the cell (Lecuit and
Lenne, 2007; DuFort et al., 2011).
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Figure 8. Control of cell shape changes by interplay of adhesion and
cortical tension.
Left panel represents the interplay of cortical tension and adhesion at the surface
of contact between two cells. Right panel shows that adhesion and cortical
tension is interdependent. Red – F-actin, grey – myosin II, green – E –cadherin,
yellow – α-catenin, orange - β-catenin (Image adapted from Lecuit and Lenne
2007).
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Mechanical forces drive numerous morphogenetic events. During
embryogenesis, the earliest example of mechanical force is found when the
sperm overcomes the physical barrier of egg using spring forces (Shin et al.,
2007). Later, during gastrulation, the progenitor cells of the germ layers sort out
due to differential cell cortex tension (Krieg et al., 2008). Furthermore, fluid shear
forces regulate coordinated epithelial movements during nephron development in
zebrafish (Vasilyev et al., 2009).
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Mesenchymal Condensation

Mesenchymal condensation is a critical stage during development when a
previously dispersed population of cells aggregates to differentiate into a single
cell/tissue type such as cartilage bone, muscle, tendon, adipose tissue, kidney or
lung. Condensation marks the earliest stage of organogenesis, when a group of
multipotent progenitor cells commit to a specific tissue fate with the upregulation
of tissue specific genes (McBride et al., 2008). In the context of skeletal
development, mesenchymal condensation is a pivotal stage, which is preceded
by epithelial-mesenchymal interactions and followed by overt chondrogenesis or
osteogenesis (Hall and Miyake, 1995; Hall and Miyake, 2000). Condensation is
the first step when the template of a cartilage or bone is laid out and therefore is
important for proper size and shape of the skeletal element. Most of the skeletal
mutations have their earliest effects during this stage. To assert its importance
and equal status with cartilaginous and osseous skeleton, mesenchymal
condensations have been referred to as “membranous skeleton” in classical
literature (Hall and Miyake, 2000). One experimental focus of this research is to
determine the physical mechanism of skeletal condensation.
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Current theories of mesenchymal condensation

The classical model defines skeletal condensation as previously dispersed
population of progenitor cells aggregating to form a skeletal template. Most of the
studies involving skeletal condensation are done in the context of endochondral
ossification, where mesenchymal condensation is followed by overt differentiation
into chondrocytes. The current theories about the physical mechanism of
condensation during cartilage development include cell migration, cell
proliferation towards the center, inability of the cells to move away from the
center and differential cell-cell and cell-ECM (extracellular matrix) adhesion (Stott
et al., 1999; Hall and Miyake, 2000; Newman et al., 2006; Christley et al., 2007)
(Fig. 9). However, there is a lack of conclusive evidence favoring of any of these
theories. Most of the existing knowledge, which forms the basis of these theories,
comes from studies done in micromass cultures (Solursh, 1984; Hall and Miyake,
1995; Hall and Miyake, 2000; Ghosh et al., 2009). Micromass cultures involve
dissociated cells in a two-dimensional environment and therefore do not
accurately mimic embryonic conditions.
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Mesenchymal Condensation

Figure 9. Current model of mesenchymal condensation during
endochondral ossification.
Mesenchymal progenitor cells form small aggregates, which lead to development
of a single cluster. Compressive forces result in cellular compaction forming
mesenchymal condensation. Condensed mesenchyme slowly transforms into a
cartilage plate. Sox9 is required for overt differentiation into chondrocytes (Image
from Barna and Niswander, 2007).
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My hypothesis is that dynamic cell shape changes drive mesenchymal
condensation during endochondral ossification. The dynamic cell shape changes
are a result of a continuous and coordinated interplay between adhesion (both
cell-cell and cell-ECM), cell cortex tension/actomyosin contractions and
molecular signaling. Cell-cell and cell-ECM adhesion molecules have differential
spatiotemporal expression (Solursh, 1984; Hall and Miyake, 2000). The cell
responds to the changing adhesion forces by dynamically rearranging the
cytoskeleton. Previous studies focused more on the interactions between growth
factors and adhesion molecules than the regulation of the material properties of
the cell by adhesive forces (Hall and Miyake, 2000; Barna and Niswander, 2007).
Thus in this regard, the role of mechanotransduction has been overlooked as a
mechanism of skeletal condensation. To determine the mechanism driving
skeletal condensation I will specifically examine the interaction between
mechanical forces and molecular signaling.
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Cell Shape changes during tissue morphogenesis

Cell shape changes are critical to understand the integration of mechanical
forces and molecular signaling. For example, morphogens such as WNT
regulates cortical tension leading to cell shape changes, which in turn modulates
signaling cascade, suggesting a feedback loop between morphogen signaling
and mechanical forces (Mammoto and Ingber, 2010). Collective cell shape
changes regulate various embryonic processes such as dorsal closure and
convergent extension during gastrulation and drosophila germ band extension
(Butler et al., 2009; Paluch and Heisenberg, 2009). Changes in cell shape also
drive changes in shape and size across tissue and organ level. Cytoskeletal
geometry and the spatial coordinates of external boundaries define cell shape.
The mechanical balance of the forces exerted on the plasma membrane by the
intracellular components and the outside environment maintains cell shape
(Paluch and Heisenberg, 2009). Whenever this mechanical equilibrium is
perturbed, the cytoskeleton reorganizes dynamically in order to restore
equilibrium. This in turn causes changes in the molecular signaling cascade and
gene expression (Mammoto and Ingber, 2010) (Fig. 10). Due to mechanical
continuum between the cell membrane and nucleus, cell shape also influence
nuclear shape and polarization. For example, nuclear membrane proteins such
as Nesprin1 and Nesprin2 have actin binding domains, indicating changes in the
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cytoskeletal geometry causes change in the nuclear mebrane (Wang et al.,
2009). Also, a dome shaped perinuclear actin cap modulates the shape of the
nucleus (Khatau et al., 2009). Therefore, these studies strongly suggest that
cytoskeletal rearrangement regulates the fate of a cell. For example,
mesenchymal stem cells, which are allowed to adhere and flatten, are directed to
an osteogenic fate, whereas round shaped stem cells form adipocytes (McBeath
et al., 2004).
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A

C

B

Figure 10. Cell shape changes regulate activation of signaling pathways
and changes in gene expression.
A and B represents the cytoskeletal connection between cell membrane and the
nucleus. C represents the alteration in signaling scaffold by reorganization of the
cytoskeleton. Black represents signaling scaffold proteins. Blue represents the
changed conformation of the protein by mechanical pulling force and actin
polymerization. (Image from Ingber, 2003; Wang et al., 2009)
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Chick middle ear as a model system

The experimental system used in this study is the chick embryo. Specifically,
chick middle ear skeletal morphogenesis is used a model to examine
mesenchymal condensation. The chick has a single middle ear bone – the
columella. The columella is comprised of two parts – columella (footplate and
shaft) and extracolumella (consisting of three processes – extracolumella,
supracolumella, and infracolumella). The columella inserts into the oval window
of otic capsule whereas, the extracolumella inserts into the tympanic membrane
of the outer ear. The columella is replacement cartilage, which undergoes
endochondral ossification, the cartilage template being replaced by bone (Fig.
11). However, the extracolumella is a persistent cartilage and remains
cartilaginous throughout life (Wood et al., 2010; Chapman, 2011). The chick
middle ear model system is ideal because the columella and the extracolumella
represent the dorsal and ventral bones of the pharyngeal arch respectively due to
their location. Both columella and extracolumella originates from the neural crestderived mesenchyme of the second pharyngeal arch (Fig. 12). Columella and
extracolumella chondrogenesis occur at different time points. Columella
chondrogenesis occurs at embryonic day (E7.5) and extracolumella
chondrogenesis occurs at E8.5, a day later. In this thesis the precise time point,
when columella and extracolumella condensation occurs, is examined. The
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question, whether columella and extracolumella originates from a single
condensation or two distinct condensations, is also addressed in this study.
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Figure 11. Chick has a single middle ear bone – the columella.
A – Alcian blue staining of the columella in blue at embryonic day (E) 12. The
columella consists of two parts – the columella (c) and the extracolumella (ec). B
– Alcian blue/Alizarin red S staining of the columella showing replacement
cartilage (columella) and persistent cartilage (extracolumella) at E16. Cartilage is
blue and bone is red. ec – extracolumella and c – columella. (Image adapted
from Wood et al., 2010)
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Figure 12. Development of the chick middle ear columella.
A represents the condensed columella. B represents the columella cartilage. C
shows the ossified columella and the cartilaginous extracolumella. Abbreviations:
a – artery, c – columella, eam – external auditory meatus, ec – extracolumella,
mec – middle ear cavity, pe – pharyngeal endoderm, oc – otic capsule, tm –
tympanic membrane and v – blood vessel. (Image from Chapman, 2011)
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Summary

The pharyngeal endoderm is hypothesized as the source of local signals that
specify the identity of neural crest-derived mesenchyme in the arches. Sox9 is
induced and maintained in pre-chondrogenic cells during condensation formation
and endochondral ossification. Using explant culture we determined that the
pharyngeal endoderm was sufficient, but not necessary for specifying prechondrogenic identity, as signals from the pharyngeal endoderm can be
compensated by surrounding tissues including the otic vesicle. Multiple Fgf
genes are expressed specifically in the pharyngeal endoderm subjacent to the
neural crest-derived mesenchyme. FGF signaling is both sufficient and required
for specification of Sox9 expression and specification of pre-chondrogenic
identity, as demonstrated by the addition of recombinant FGF protein or the FGF
receptor inhibitor (SU5402) to explanted tissue, respectively. However, FGF
signaling cannot maintain Sox9 expression or initiate the chondrogenic program
as indicated by the absence of Col2a1 transcripts. BMP4 signaling can induce
and maintain Sox9 expression in the isolated mesenchyme, but only in
combination with FGF signaling induce Col2a1 expression, and thus,
chondrogenesis. Given the spatio-temporal expression patterns of FGFs and
BMPs in the pharyngeal arches, we suggest that this may represent a general
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mechanism of local signals specifying pre-chondrogenic identity and initiation of
the chondrogenic program.
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Introduction

The mechanism involved in induction and patterning of the neural crest (NC)derived Hox-positive mesenchyme in the pharyngeal arches is an area of intense
interest (Creuzet et al., 2005). Mesenchyme of the 2nd pharyngeal arch gives rise
to several skeletal elements, including the retroarticular process, columella,
posterior basihyoid and ceratobranchial elements of the tongue skeleton (Ruhin
et al., 2003; Kulesa et al., 2004). NC migrates from the chick midbrain region at
Hamburger and Hamilton (HH)9 (Hamburger and Hamilton, 1951) in an anterior
to posterior wave, with the hyoid stream beginning its migrating from
rhombomere 4 (r4) at approximately HH11 (Couly et al., 1992). Small r3 and r5
contributions, which do not undergo apoptosis, add to the anterior and posterior
hyoid stream, respectively (Kulesa and Fraser, 2000; Graham et al., 2004;
Kulesa et al., 2004). Cranial NC migration is completed by HH14 with proximal
and distal populations forming medial to more lateral hyoid elements (Kontges
and Lumsden, 1996).

Avian development of the hyoid derived cartilage depends on signals that arise
from the pharyngeal endoderm (Ruhin et al., 2003; Creuzet et al., 2004a).
Removal of anterior to progressively more posterior stripes of medial, or lateral
foregut endoderm at premigratory stages, demonstrates that the pharyngeal
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endoderm is required for patterning of specific skeletal elements. At the level of
the 2nd arch, these include elements such as the basihyoid and ceratobranchial
(Ruhin et al., 2003). Turning mesenchyme into cartilage condensations
necessitates that epithelial-mesenchymal interactions perform several functions.
Migrating skeletogenic mesenchyme is first localized, with local epithelialmesenchymal interactions influencing the size of the progenitor population for
each cranial skeletal element, providing condensation initiation signals, and then
permitting differentiation of chondrocytes and, finally, ossification (Hall, 2008).
Previous studies looked at the presence or absence of cartilage elements, but did
not examine the intervening steps to determine when the failure took place
(Creuzet et al., 2005). Mesenchyme localization, specification of prechondrogenic identity or the chondrogenic program might each be affected.

The columella arises from NC mesenchyme that migrates to the proximal 2nd
arch, apposing the pharyngeal endoderm (Kontges and Lumsden, 1996). The
single chick middle ear bone, the columella, is a composite structure consisting of
both persistent and replacement cartilage elements. The proximal bony columella
inserts into the oval window of the cochlear duct and the more distal
extracolumella cartilage inserts into the tympanic membrane, spanning the width
of the middle ear cavity (Jaskoll and Maderson, 1978; Wood et al., 2010). The
effect of signals from the subjacent pharyngeal endoderm on the proximally
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localized mesenchyme of the columella was not analyzed in previous studies (B.
Ruhin and N. Le Douarin, personal communication). We wanted to know if the
pharyngeal endoderm provided signals sufficient and necessary for specifying
the putative columella mesenchyme to a chondrogenic fate. The positioning of
the columella mesenchyme and endoderm make an ideal tissue to investigate
the intervening time points between migration and chondrogenesis.

We hypothesize that signals required for specifying pre-chondrogenic identity and
the onset of the chondrogenic program in this mesenchymal population are
localized to the subjacent pharyngeal endoderm. To examine this question
extirpated tissues from the middle ear region were grown in collagen gel culture.
Sox9, a member of the high mobility group (HMG) domain containing
transcription factors, is implicated in NC specification, with Sox9 expression in
mesenchyme a marker of pre-chondrogenic identity (Cheung and Briscoe, 2003;
Wood et al., 2010). The onset of Col2a1 expression indicates the initiation of the
chondrogenic program at E7.5 in chick (Zhao et al., 1997; Eames et al., 2004;
Betancur et al., 2010). Through our tissue recombination experiments we show
that the pharyngeal endoderm adjacent to the post-migratory mesenchyme,
giving rise to the putative columella condensation, is sufficient, but not required to
induce Sox9 expression and, thus, pre-chondrogenic identity.
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Endodermal signals arising in the caudal part of the foregut influence the Hoxpositive mesenchyme in the 2nd and the more posterior arches, inducing prechondrogenic identity (Ruhin et al., 2003). Reciprocal signaling between the Fgf8
expressing endoderm and NC cells in the facial region is required for
condensation formation (Creuzet et al., 2004b). Numerous FGF genes with
spatially restricted expression patterns are present in the region (Ohyama et al.,
2007; Schimmang, 2007), potentially mediating these epithelial-mesenchymal
interactions (Shigetani et al., 2000). Therefore, we surveyed known FGF family
members to identify Fgf genes expressed in the pharyngeal endoderm. Embryos
were analyzed at the migratory and post-NC migratory stages HH14 and
HH18/19 when the mesenchymal Sox9 expression is first detected.

Multistep crosstalk is required between the endoderm and NC-derived
mesenchyme, leading to cartilage formation (Creuzet et al., 2005). Our functional
studies demonstrate that FGF signaling is both sufficient and necessary for
induction of pre-chondrogenic identity, but cannot maintain Sox9 expression to
initiate the chondrogenic program. Expression of the chondrocyte marker Col2a1
is, however, elicited with pharyngeal endoderm present, indicating the
requirement for a second signal. BMP4 signaling alone is able to induce and
maintain Sox9 expression, but it is the combination of BMP and FGF signaling
that is required for induction of the chondrogenic program. We show that BMP4
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in combination with FGF8, is sufficient to initiate the chondrogenic program and
suggest that this may be a general patterning mechanism within the more
posterior arches, which all express combinations of these secreted signaling
molecules.
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Results

Pharyngeal endoderm is sufficient to induce Sox9 expression

Ablation of caudal endoderm results in the loss of ceratobranchial and
epibranchial cartilage elements (Ruhin et al., 2003); however, the timing of the
mechanism involved has not been closely examined. We hypothesize that
signals from the pharyngeal endoderm are sufficient to specify pre-chondrogenic
identity, which is required for condensation and chondrogenesis to occur.
Pharyngeal endoderm and the proximal mesenchyme of the 2nd arch are directly
apposed (Fig. 1). It is likely that local signals, specifying the NC-derived
mesenchyme pre-chondrogenic fate, arise from the endoderm. Neural crest cells
located in the dorsal neural tube have Sox9 expression at premigratory stages
HH9-12, which is down regulated at the onset of migration (Cheung and Briscoe,
2003). The NC migrates to the second arch and is located proximally at the
entrance to the arch and distally within the arch pouch by HH14. The putative
skeletogenic mesenchyme does not regain Sox9 expression until HH18 (Cheung
and Briscoe, 2003)(our unpublished results).

To test the sufficiency of pharyngeal endoderm to induce Sox9 expression in
mesenchyme, we used an explant culture system. Mesenchyme from the

	
  

51	
  

proximal 2nd arch region, including the cells fated to form the columella (the single
middle ear bone of the chick) (Wood et al., 2010; Chapman, 2011) were
explanted with or without the subjacent endoderm from HH14, HH19 and HH24
embryos into collagen gel culture (Exp. 1-3, Table 1). The more distal
mesenchyme within the 2nd arch pouch was excluded (Fig. 1, see Experimental
Procedures for a detailed description).

Mesenchymal tissue explanted at HH14 was grown to embryonic day (E)6 and
analyzed for the presence of Sox9 transcripts (Exp. 1, Fig. 2A). Mesenchyme
with endoderm present expressed Sox9 in all cases (n=36/36, Fig. 2), whereas
explants of mesenchyme alone did not (n=4/26). Tissue sections of zero hour
explants show mesenchyme with endoderm or mesenchyme alone as expected
(not shown). We also confirmed that transplanted mesenchyme does not express
Sox9 at HH14 (zero hour explants, not shown). The small number of explants
with Sox9 expression likely included remnants of pharyngeal endoderm. Cleanly
separating the thin endodermal layer is challenging without the use of enzymes.
To avoid disrupting secreted signaling factors we avoided the use of enzymes to
separate these tissues. This result indicates that signals from pharyngeal
endoderm are sufficient for induction and maintenance of Sox9 expression.
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From HH18, mesenchyme fated to form skeletal condensations expresses Sox9
(not shown). We wanted to know if the expression of Sox9 in this tissue indicated
that it was specified to a pre-chondrogenic identity and would thus maintain Sox9
expression when cultured in isolation. Mesenchyme was explanted from HH19
and HH24 embryos and grown to E6 with or without pharyngeal endoderm
present (Exp. 2 and 3, Fig. 2). When cultured with pharyngeal endoderm, HH19
and HH24 explants maintained Sox9 expression at E6 (n=3/4 and 8/8,
respectively, Table 1). When cultured alone, in the absence of pharyngeal
endoderm, mesenchyme also maintained Sox9 expression (n=3/3 and 8/8,
respectively, Fig. 2). This experiment indicates that mesenchyme was able to
maintained Sox9 expression in the absence of any signals from the pharyngeal
endoderm and the cells were thus specified as pre-chondrogenic by HH19.

These results support our hypothesis that signals from the pharyngeal endoderm
at post-migratory stages (HH14 onward) are sufficient to induce Sox9, specifying
the NC-derived mesenchyme to a pre-chondrogenic fate, and that by HH19 these
signals are no longer required to maintain Sox9 expression. Moreover, this
experiment confirms that the NC requires local epithelial derived signals and is
not pre-patterned to a pre-chondrogenic fate. Furthermore, based on these
results, the surface ectoderm subjacent to which these cells migrate does not
appear to be required for the onset of Sox9 expression.
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Pharyngeal endoderm is not required for Sox9 expression

Although sufficient, it is not clear if pharyngeal endoderm is required for Sox9
expression. Ablation of subjacent pharyngeal endoderm in ovo results in the loss
of the hyoid skeletal elements: the ceratobranchial and epibranchial cartilages. In
these experiments, whole mount embryos were manipulated at HH9 were
incubated until E8 and then stained for the presence of cartilage (Ruhin et al.,
2003). In this context, pharyngeal endoderm is required for skeletogenesis.
However, the requirement for signals from the pharyngeal endoderm in inducing
and maintaining Sox9 expression, and thus pre-chondrogenic identity was not
addressed.

A transverse slice of the head at the level of the 2nd arch (Fig. 1A) was explanted
from HH14 embryos and cultured to E6 (Exp. 4, Fig. 2B). The slice included all
the tissues at this level; neural tube, notochord, otic vesicle, mesenchyme,
surface ectoderm, pharyngeal endoderm and blood vessels. The slice was
hemisected into left and right sides. The intact left side slice acted as a control
with all tissues left intact, whereas the pharyngeal endoderm was removed from
the right hand slice, leaving all other tissues undisturbed (Fig. 2B). In both control
and experimental tissues Sox9 was expressed in all cases (n=10/10),
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demonstrating that although sufficient, pharyngeal endoderm is not required for
Sox9 expression and the specification of pre-chondrogenic identity. Signals from
surrounding tissues must, therefore, compensate for the loss of the pharyngeal
endoderm.

It must be noted that our explant experiments likely include mesenchymal cells
fated to become other skeletogenic structures, not just the proximal 2nd arch NC
mesenchyme fated to become the columella. Some of the lateral otic capsule
population is likely included when we extirpate the mesenchyme. The origin of
otic capsule mesenchyme is more complex than for the proximally situated
columella, with contributions from the first somite, cephalic mesoderm and NC
(Couly et al., 1993), our unpublished data). For the otic capsule, endogenous
inductive epithelial-mesenchymal signals originate from the placodal ectoderm of
the otic epithelium (Hall, 2008). Sox9 is a common marker of pre-chondrogenic
cells and, thus, will label both otic capsule and columella populations. The only
marker to distinguish between these populations is Peanut Agglutinin (PNA). Otic
capsule mesenchyme does not label with PNA unless pre-treated with
neuraminidase to remove the sialic acid residues present in this population,
allowing us to distinguish 2nd arch mesenchyme from otic capsule (Wood et al.,
2010). Thus, we could distinguish which pre-cartilaginous populations were
present in our explants (Exp. 5, n=13/13, Fig. 2C). Explants with Sox9 positive
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cells were incubated with PNA-HRP. Some Sox9 cells were labeled with PNA,
whereas others were not labeled. This result leads us to conclude that both NCderived mesenchyme and otic capsule cell populations were included in our
explants.

Signals from other tissues are sufficient to induce Sox9 expression

Next we determined which other tissues in the region have signals capable of
inducing Sox9 (Exp. 6). When otic vesicle was included with mesenchyme, Sox9
was expressed in all cases (n=16/16, Fig. 2). As the otic epithelium is adjacent to
the otic capsule mesenchyme, signals from the otic epithelium would be
expected to normally induce and maintain Sox9 expression in the otic capsule
mesenchyme {Hall, 2008 #8}. Signaling molecules diffuse away from their source
into the mesenchyme. It is likely that inducer molecules from the otic epithelium
are able to substitute for signals from the pharyngeal endoderm and induce Sox9
in the NC-derived mesenchyme. Of interest, removal of the otic placode does not
affect development of the columella, indicating that although sufficient, signals
from the otic epithelium are not required for columella development (Reagan,
1917). We also found that neural tube and notochord are sufficient to induce
Sox9 expression, although the endothelium of blood vessels was not (not
shown).
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A long-standing question is whether the surface ectoderm at these stages in the
chick has the potential to specify the mesenchyme (Exp. 7). Our explants of
pharyngeal endoderm and mesenchyme demonstrate that the surface ectoderm,
past which NC migrates, is not required to induce Sox9 expression (Exp. 1).
However, ectoderm at the level of the pharyngeal groove, when combined with
the adjacent post-migratory mesenchyme, resulted in 5/20 (25%) cases positive
for Sox9 expression. There are two possible explanations for this result. Firstly,
the explant was contaminated with pharyngeal endoderm, giving a similar result
to the baseline results for mesenchyme alone. Or secondly, that the surface
ectoderm of the 2nd arch expresses an inducer, whereas the more dorsolateral
surface ectoderm encountered during migration does not (Fig. 1B). Pharyngeal
endoderm and surface ectoderm at this level express Fgf8, a known inducer of
Sox9 (Monsoro-Burq et al., 2003). Thus, in some of our surface ectoderm and
mesenchyme explants, we may have inadvertently included the Fgf8 expressing
ventral ectoderm, leading to induction of Sox9 expression. These results lead us
to survey the spatio-temporal expression patterns of Fgf genes in the surrounding
tissues.
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Spatiotemporal analysis of Fgf expression in the ear-forming region

Neural crest migrates into a proximal position in the 2nd pharyngeal arch,
undergoes condensation and by endochondral ossification forms the single
middle ear bone of the chick, the columella (Wood et al., 2010). We hypothesize
that FGF signals are required for the induction of Sox9 and specifying prechondrogenic identity. Ectopic hyoid (tongue) cartilage is evident when additional
endoderm or FGF8 beads are grafted into the 2nd arch region (Ruhin et al., 2003;
Creuzet et al., 2004a). However, the effect on the columella was not analyzed (B.
Ruhin and N. Le Douarin, personal communication). We analyzed Fgf expression
patterns to identify the spatio-temporal expression of FGF family members in the
region. Cranial NC migration begins at HH9 in the midbrain and progresses in an
anterior to posterior direction, migrating at HH11 from rhombomere 4 toward the
2nd arch. We, therefore, chose to analyze Fgf expression using in situ
hybridization at HH9 (pre-migration), HH14 (post-migration) and at HH19 when
PNA labeling and Sox9 expression indicates the first signs of NC differentiation
into pre-chondrogenic mesenchyme (Wood et al., 2010). Sox9 expression is
maintained in chondrogenic cells of the columella up to E8, when it is down
regulated in anticipation of ossification, as marked by the onset of Ihh expression
at E10 (Wood et al., 2010).
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At pre-migration stages Fgf3, 4, 8 and 19 are expressed in the endoderm fold
adjacent to where NC-derived mesenchyme will migrate (Karabagli et al., 2002;
Paxton et al., 2010). Following completion of NC migration at HH14, expression
of Fgf3, 4, 8 and 19 are maintained in the fold of the pharyngeal endoderm (Fig.
2A-D). Fgf3 and Fgf4 are weakly expressed (Fig. 2a, b), whereas Fgf8 and Fgf19
have strong expression (Fig. 2c, d), with Fgf8 also being expressed in the
surface ectoderm at the groove of the arch (asterisk).

At HH19, Fgf3 is expressed in the pharyngeal endoderm between the first and
second arch (Fig. 3A). Fgf8 and Fgf19 are expressed in the pharyngeal
endoderm at the anterior edge of the 2nd arch (Fig. 3B, C). Fgf8 is no longer
expressed in the surface ectoderm. Fgf4 expression has strengthened, but is
limited to the posterior of the 2nd arch (Fig. 3D). We find no other Fgfs expressed
in the pharyngeal endoderm.

These expression patterns indicate that Fgf8 and Fgf19 are consistently
expressed in the pharyngeal endoderm pre and post migration stages, with
weaker early Fgf3 and Fgf4 expression (HH14). Fgf4 expression may play a role
in induction, but not maintenance, as it is down regulated by HH19 in the
endoderm at the anterior of the arch where the columella will form.
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Although FGF19 has a known role in inner ear induction (Ladher et al., 2005), as
candidate inducer of Sox9, a more detailed analysis of Fgf19’s spatio-temporal
expression pattern was needed. We analyzed expression in an extended stage
series (HH8-14) by in situ hybridization. Expression is initially detected in the
mesenchyme and weakly in the ventral hindbrain at the level of the ear-forming
region (Fig. 4A). By the six somite stage pharyngeal endoderm begins to express
Fgf19 (Fig. 4B, C). Folding of the anterior intestinal portal forms the pharyngeal
endoderm lip (Fig. 4D, arrowed). This coincides with the onset of NC migration.
Low levels of Fgf19 expression in hindbrain continue until around HH10 with
pharyngeal endoderm showing increased numbers of transcripts (Fig.4E). At
HH12, expression is visible at the level of 2nd arch and a new domain of
expression appears in the endoderm of the 4th arch (Fig. 4G, g). By HH14, Fgf19
expression in pharyngeal endoderm is directly subjacent to the NC-derived
columella mesenchyme (Fig. 4H). Given the spatio-temporal Fgf expression
patterns, we next tested if FGF signaling was sufficient and necessary for Sox9
expression.

FGF signaling is required and sufficient for induction of Sox9 expression

To test if FGF signaling was required to induce Sox9 expression we turned again
to our culture system (Exp. 8, Table 2). A bead soaked in 10 mM SU5402 Fgf-
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receptor inhibitor or PBS (control) was cultured with a HH14 explant of
mesenchyme with pharyngeal endoderm. Explants cultured for 24 hours with the
FGF-receptor inhibitor failed to express Sox9 (n=2/24, Fig. 6A), while explanted
tissue cultured with control PBS soaked beads did induce expression of Sox9
(n=10/12). These results indicate that FGF signaling is required to induce Sox9
expression and thus, specification of NC mesenchyme to a pre-chondrogenic
fate.

In the converse experiment, we tested if addition of recombinant FGF protein was
sufficient to induce Sox9 expression (Exp. 9). We added a bead soaked in
recombinant FGF8 protein to HH14 explants with only mesenchyme present,
resulting in Sox9 expression in all cases (n=5/5) after 24 hours in culture (Fig.
6B). Similarly, FGF19 soaked beads induced Sox9 when added to mesenchyme
explants (n=6/8). In controls, mesenchyme only explants placed together with
PBS soaked control beads showed no induction of Sox9 expression (n=1/7).

FGF signaling can induce, but not maintain Sox9 expression

FGF signals are able to induce Sox9 expression during a 24 hour culture period,
but we wanted to know if this one signal was sufficient to maintain Sox9 over time
(Exp. 10, Table 3). Mesenchyme explants cultured with an FGF8 soaked bead to
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E6 could not maintain Sox9 expression (n=1/8, Fig. 7A). Neither could FGF19
soaked beads (Table 3). However, we have shown that signals from the
pharyngeal endoderm are able to maintain Sox9, suggesting that a second
secreted signaling molecule is required in addition to FGF.

Bmp2, 4 and 7 are expressed in restricted temporospatial patterns in the
pharyngeal arch epithelia and mesenchyme (Shigetani et al., 2000; Bell et al.,
2004; Darnell et al., 2007; Wood et al., 2010). We confirmed that Bmp4 is
expressed in both the pharyngeal endoderm and mesenchyme of HH14 explants
(not shown). When we applied BMP4 soaked beads alone (n=8/10), or together
with FGF8 soaked beads (n=4/6), explants were able to induce and maintain
Sox9 expression to E6 (Fig. 7A).

Together these data demonstrate that FGF signaling is sufficient and required for
induction of Sox9 expression and, thus, specification of pre-chondrogenic identity
in mesenchyme tissue. However, FGF signals are unable to maintain this
identity. Somewhat unexpectedly, even in the absence of FGF signaling,
recombinant BMP protein was able to not only induce, but also maintain Sox9
expression in long-term cultures. We know from experiment 8 that FGF signals
are required for induction of Sox9, when mesenchyme and pharyngeal endoderm
are the only tissues present. It will be interesting to determine if BMP signaling
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could induce Sox9 in mesenchyme alone when FGF signals were being blocked
by SU5402, indicating an important interaction between the two signaling
pathways.

Next we examined the role of pharyngeal endoderm and secreted signaling
factors in initiating the chondrogenic program, leading to overt differentiation and
cartilage formation.

Pharyngeal endoderm signals sets mesenchymal cells on a pathway to
chondrogenesis

Col2a1 expression is normally detected in mesenchyme cells from E7.5 with the
onset of overt chondrogenesis (Wood et al., 2010). To determine if mesenchyme
was able to express the chondrogenic marker Col2a1, HH14 explants were
grown to E8 (Exp. 11, Table 3). Mesenchyme in combination with pharyngeal
endoderm strongly expressed Col2a1 (n=12/12, Fig. 7B), with the endoderm
remaining negative for Col2a1 transcripts. HH14 mesenchyme cultured alone did
not express Col2a1 (n=0/6), indicating that pharyngeal endoderm contains all the
signals necessary for chondrogenesis to proceed. We next examined to role of
FGF8 and BMP4 in this process.
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Both FGF and BMP signaling are required to initiate the chondrogenic program

When HH14 mesenchyme was cultured with either an FGF8 (n=0/6) or FGF19
(n=0/5) soaked bead (Exp. 12), none of the explants expressed Col2a1 at E8.
FGF signaling induces, but cannot maintain Sox9 expression and is also
insufficient for induction of the chondrogenic program as indicated by the
absence of Col2a1 transcripts at E8. It is possible that this was because FGF
signals that are required to induce Col2a1 expression must be sustained for an
interval that cannot be achieved using the bead culture system. We repeated the
experiment, replacing the media each day with recombinant FGF8 protein
included in the media (1 mg/ml) to supply the tissue constantly over the
incubation period, but were unsuccessful in inducing Col2a1 expression (n=0/8,
not shown). Taken together, these results suggest that another signaling pathway
is required to facilitate induction of the chondrogenic program.

BMP4 recombinant protein soaked beads were added to mesenchyme explants
(Exp. 13), with or without addition of FGF8 beads (Fig. 7C). Explants were
analyzed for Col2a1 expression at E8. BMP4 alone was only able to induce
Col2a1 expression in the mesenchyme in 20% of cases (n=2/10). However,
FGF8 together with BMP4 soaked beads, induced Col2a1 expression in the
majority of cases (n=5/7). This result suggests that the pharyngeal endoderm
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uses the combination of BMP and FGF signals to induce pre-chondrogenic
identity and initiate the chondrogenic program.

To test if FGF and BMP signals were required following the specification of prechondrogenic identity, Sox9 expressing mesenchyme explanted from HH19
embryos was incubated to E8 (Exp. 14). Explants fixed at zero hour all expressed
Sox9 (not shown). Isolated mesenchyme explants cultured to E8 all strongly
expressed Col2a1 (n=7/8, Fig. 7D). Combining explants with either FGF8 (n=6/7)
or BMP4 (n=7/7) soaked beads had did not change the Col2a1 expression.
These results suggest that the chondrogenic program is able to proceed
autonomously in skeletogenic mesenchyme from HH19, without further input
following specification of pre-chondrogenic identity. At HH24, all mesenchyme
explants expressed Col2a1 (n=6/8).

In conclusion, these results demonstrate that FGF signaling induced, but could
not maintain Sox9 expression, whereas BMP4 signaling was sufficient to both
induce and maintain Sox9 expression. Together with our FGF receptor inhibitor
experiment demonstrating that FGF signaling is required for Sox9 expression we
conclude that FGF and BMP signaling together specify pre-chondrogenic identity.
Moreover, combined FGF8 and BMP4 signaling was needed to initiate the
chondrogenic program as indicated by Col2a1 expression.
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Discussion

A refined model of cartilage formation in the neural crest-derived mesenchyme

We present a model in which pharyngeal endoderm is sufficient, but not required,
to specify pre-chondrogenic identity and initiate the chondrogenic program in the
skeletogenic mesenchyme from HH14 embryos, as defined by the presence of
Sox9 and Col2a1 transcripts respectively. Specification of pre-chondrogenic
identity and initiation of the autonomous chondrogenic program is complete by
HH19 in the presence of signals from the pharyngeal endoderm. Mesenchyme
isolated at HH19 and HH24 expresses Sox9 and Col2a1 during long-term
culture.

Furthermore, our gain- and loss-of-function studies using HH14 explants of
isolated mesenchyme demonstrate that FGF signaling is both sufficient and
required for induction of Sox9, but cannot maintain this expression long term.
BMP4 recombinant protein can, however, both induce and maintain Sox9
expression, although by itself it is a weak initiator of the chondrogenic program.
FGF and BMP signaling together are required for overt differentiation and
expression of the chondrogenic marker, Col2a1.
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As mesenchyme shares a common ground pattern (Minoux et al., 2009), with
multiple FGF and BMP signaling molecules temporospatially restricted to the
pharyngeal endoderm of all the arches {Creuzet, 2004 #13}, this is likely a
general patterning mechanism, although this remains to be tested.

Pharyngeal endoderm is sufficient to induce and maintain Sox9 expression, but
not required

Ablating pharyngeal endoderm, leaving all other tissues in the region intact elicits
Sox9 expression. As demonstrated by our recombination experiments, signals
from the otic epithelium act as an inducer of Sox9 in the NC-derived
mesenchyme. Similarly, neural tube, notochord and 2nd arch Fgf8 expressing
surface ectoderm can acts as inducers, but endothelial vessels, such as the
dorsal aorta, cannot. Although other tissues are sufficient, given the distance
from the putative columella in vivo, it is likely that the pharyngeal endoderm acts
as the endogenous inducer.

In order to chondrify, premigratory cranial NC cells in mammals must interact with
the cranial ectoderm in an inducer/responder relationship. In chick, signals from
the surface ectoderm of the face are required to pattern the beak at later stages,

	
  

67	
  

but not other skeletal elements (Helms and Schneider, 2003; Schneider and
Helms, 2003). In lower vertebrates, such as amphibians, post-migratory NC
interacts with the branchial endoderm (Hall, 2008). Our results demonstrate that
in chick, the non-FGF expressing dorsolateral surface ectoderm is unable to
specify pre-chondrogenic identity. However, Fgf8-expressing surface ectoderm at
the level of the pharyngeal groove is sufficient in this regard. We note that Fgf8
expression in this tissue is short-lived, appearing and then disappearing between
HH8 and HH15. Thus, ectodermal expression might attract or prime NC cells as
they migrate past the groove to reach the distal portion of each pouch.

FGF signaling is sufficient and required to induce, but cannot maintain, Sox9
expression

Specifying cells that follow the skeletogenic pathway requires exposure to FGF
signaling, with FGF8 signaling being a potent inducer of pre-chondrogenic
identity (Ruhin et al., 2003; Creuzet et al., 2004a; Minoux et al., 2009). The role
of FGF8 in specification of skeletogenic mesenchyme is undisputed, but
interestingly we show that FGF8 is unable to maintain Sox9 expression in
isolated mesenchyme.
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There are other Fgf genes in the region, with FGF8 a known regulator of Fgf19
expression (Ladher et al., 2005; Gimeno and Martinez, 2007). In our explants the
effect of FGF19 on mesenchymal cells appears less robust than FGF8, with a
smaller number of cells expressing Sox9. Although we did not quantify this, it is
tempting to speculate that the endogenous role of FGF19 may be specification or
patterning of only a subset of mesenchymal cells. Given the proximity of the
columella cells to pharyngeal endoderm the columella mesenchyme may
specifically require FGF19, although this remains to be tested. Fgf19 expression
is detected only in distal portions of the 2nd and 4th arches, lending credence to
this idea. The weaker, spatio-temporally restricted expression of Fgf3 and Fgf4 in
2nd arch endoderm will also be the subject of future examination. Zebrafish fgf3
endoderm expression is required for formation of arches 1-4 (David et al., 2002).
Interestingly, these authors also suggest that signals in addition to FGFs are
required in endoderm to pattern the skeletal elements arising from the arches.

Pharyngeal endoderm is required for induction of the chondrogenic program

Explants from HH14 embryos cultured with pharyngeal endoderm were able to
express Col2a1 at E8. Once the mesenchyme population is specified, by HH19,
chondrogenesis can proceed even in the absence of pharyngeal endoderm.
Thus, pharyngeal endoderm is not only sufficient to specify pre-chondrogenic

	
  

69	
  

identity, but must be the source of a multiple signaling molecules, acting to
initiate chondrogenesis (Creuzet et al., 2005). We show that BMP4 is sufficient in
this regard.

BMP signaling has a role in promoting compaction of pre-chondrogenic cells
leading to formation of the cartilage anlagen (the pre-chondrogenic
condensation) and is an obvious candidate as an additional signal. BMP4 is
expressed in a suitable temporospatial pattern (Wood et al., 2010). Loss of BMP
signaling leads to failure of condensation formation and failure to differentiate into
chondrocytes, even in condensed cells (Duprez et al., 1996; Yoon et al., 2005;
Bandyopadhyay et al., 2006; Barna and Niswander, 2007; Karamboulas et al.,
2010). Furthermore, BMP4 is a known inducer of Sox9, and our results support
this finding, showing that BMP4 also maintains Sox9 expression over the longer
term. BMP4 can also act as a direct transcriptional activator of Col2a1
expression (Semba et al., 2000). In our mesenchyme explants, FGF8 or BMP4
signaling alone are able to induce, but only BMP4 signaling can maintain Sox9
expression. Neither signal alone leads to Col2a1 expression, it is only when FGF
and BMP signaling is combine that Col2a1 transcripts are detected at E8.

	
  

70	
  

Reconciling models of hyoid skeletal formation

The results presented here add new insight into our understanding of the tissue
and signaling mechanism required to induce and pattern NC-derived
mesenchyme. NC-derived pharyngeal arch cells appear to share a common
ground pattern (Minoux et al., 2009), with earlier transplantation experiments
demonstrating the sufficiency and requirement for pharyngeal endoderm in
imparting regional identity (Ruhin et al., 2003; Creuzet et al., 2004a). Supporting
this, ablation of the adjacent pharyngeal endoderm in ovo resulted in the loss of
the basihyoid and ceratobranchial skeletal elements (Ruhin et al., 2003).
However, the mechanism resulting in failure was not evaluated in these studies.
There are several possible stages at which skeletal elements that might be
affected: NC migration, specification of pre-chondrogenic identity, condensation
formation or chondrogenesis.

FGF signals act as an attractant for migrating NC cells (Creuzet et al., 2005).
Genetic ablation of endoderm, in zebrafish van gogh, cas and bon mutants
results in failure to form cartilage (Piotrowski and Nusslein-Volhard, 2000; David
et al., 2002; Piotrowski et al., 2003). In the cas and bon mutants particularly, the
lack of endoderm formation leads to failure of branchial arch formation. The NC
cells migrate, but fail to enter the branchial arches, clustering instead on the
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surface of the yolk in disorganized masses, losing the markers of prechondrogenic mesenchyme. We suggest that a similar mechanism acts in chick,
where removal of endoderm at the 2nd arch level during pre-migratory stages
(Ruhin et al., 2003; Creuzet et al., 2004a), results in failure of the NC to become
correctly localized and/or specified as pre-chondrogenic (David et al., 2002).
Addition of an FGF8 source in place of the ablated endoderm rescues this
phenotype by attracting the migrating cells and specifying pre-chondrogenic
identity. Furthermore, our results show that FGF signals from other inducer
tissues in the region can act to induce pre-chondrogenic identity, but would not
localize the NC to the correct position. Thus, our results indicate that pharyngeal
endoderm is sufficient, but not required for imparting pre-chondrogenic identity.

Due to the experimental paradigm used in earlier studies this distinction was not
apparent. Failure of the NC cells to migrate to the correct location and thus be
induced and maintain pre-chondrogenic identity would account for loss of specific
skeletal elements. Thus, our experimental paradigm benefits from using NC cells
that are post-migratory, avoiding the complications of localization. Thus, it
appears to be the case that FGF signals arising from the pharyngeal endoderm
are required to localize the migrating NC. Both FGF and BMP signals can induce
pre-chondrogenic identity, although only BMP can maintain this state. In our
longer-term cultures neither FGF, nor BMP signals alone are sufficient to induce
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the chondrogenic program. In conclusion, it is only when both signaling factors
are combined that the chondrogenic program induced, as marked by the onset of
Col2a1 expression.

	
  

73	
  

Experimental Procedures

Embryos

Fertilized Bovan Brown x Rhode Island Red chicken eggs (Morgan Poultry
Center, Clemson University) were incubated at 38.5°C in a rocking incubator to
the desired stage. Whole mount in situ hybridization was performed as previously
described (Chapman et al., 2002). Peanut Agglutinin Lectin (PNA) labeling was
performed according to our standard protocol (Wood et al., 2010). For section
analysis embryos were mounted in 20% gelatin, fixed in 4% PFA
(paraformaldehyde) and sectioned at 50 µm using a Leica VT1000S vibratome,
or embedded in 30% Sucrose/PBS (phosphate buffered saline) and
cryosectioned at 10 µm using a Leica CM3050.

Tissue explants

Morphology of the head at HH14 and a section of the 2nd arch region are shown
in figure 1. To preserve the integrity of cell surface receptors no enzymatic
treatments were used to separate tissues. Embryos were harvested, washed in
saline and transferred to L15 media during the fine manipulation before being
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transferred to collagen gel culture. Whole mount embryos were harvested in
saline; the head was transected at the level of the 1/2 pharyngeal arch boundary
anteriorly the 2/3 arch boundary posteriorly. The remaining tissue formed a slice
at the level of the 2nd arch (Fig. 1A). The tissues needed for explants at HH14
(E2), HH19 (E3) or HH24 (E4) were dissected from the equivalent region at each
stage. The same basic morphology is present at each of the stages used. The
slice was laid flat on the base of the petri dish and a flame sharpened tungsten
needle (0.125 mm, WPI, Sarasota, FL) was used to remove tissues not required.
For example, mesenchyme alone required the removal of the surface ectoderm,
pharyngeal endoderm, distal pharyngeal arch, otic vesicle, neural tube,
notochord and blood vessels, leaving only the proximal mesenchyme (Fig. 1B
and Fig. 2 schematics). Using this methodology ensured that the proximal
mesenchyme was the only tissue explanted to collagen gel culture, whereas the
more distal mesenchyme within the pharyngeal arch was excluded. The older
tissues were easier to extirpate as the size of the embryo increased and thus the
mesenchyme was considerably larger. To ensure that we explanted only the
desired tissues, explants at zero hours were embedded and sectioned to
determine the tissues present.
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Collagen gel culture

Isolates were cultured in 3.3 mg/ml rat tail collagen (Roche Diagnostics,
Indianapolis, IN) re-suspended in sterile 0.2% acetic acid. Collagen was prepared
on ice using 440 µl collagen, 80 µl DEPC-H2O, 60 µl 10X DMEM and 20 µl 7.5%
bicarbonate solution. Following collagen embedding carbonated Neurobasal
medium supplemented with Glutamax and Penicillin/Streptomycin was added.
Cultures were grown at 37°C in a 5% CO2 incubator, with daily changes in media
until the desired stage was reached. Following fixation, tissue was processed for
in situ hybridization or immunocytochemistry.

Bead implantation

Affi-Gel Blue Beads (100-200 µm, Bio-Rad, Hercules, CA) were washed in PBS
for 1 hour. Beads were then soaked in 10 mM SU5402 (Pfizer), or 1 mg/ml
human recombinant FGF8 (423-F8/CF, R&D systems), FGF19 (100-32,
Peprotech), or 100 ng/ml mouse recombinant BMP4 (314-BP/CF, R&D systems)
for 1 hour. SU5402 is dissolved in DMSO and beads were washed three times in
PBS before implanting. Control beads were similarly treated with DMSO and
washed in PBS before implanting. For the recombinant protein experiment the
FGF and BMP proteins were re-suspended in PBS and, thus, no further washing
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of beads was necessary. PBS washed control beads were used in these
experiments. Beads were kept on ice and as each tissue sample was prepared a
bead was inserted in the collagen gel adjacent to the tissue. For experiment
requiring both FGF and BMP, two beads were added adjacent to the tissue.
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Figure 1: Location of tissues and anatomical landmarks for the explant
cultures.
(A) Lines on HH14 embryo show the level of cuts to remove a transverse slice of
the head and 2nd arch region. Pharyngeal arches numbered 1-4, with 2nd arch
outlined in black dots. (B) A section through the level of the otic vesicle and 2nd
arch region showing the tissues present. Proximal to distal mesenchyme
continuum indicated by lines on the left side. Pharyngeal endoderm lines the oral
cavity (arrowed). Horizontal line through arch on right side indicates approximate
level of cut to exclude ventral arch mesenchyme from the explants.
Abbreviations: bv, blood vessel; dl, dorsolateral level; dm, distal mesenchyme;
nc, notochord; nt, neural tube; ov, otic vesicle; pe, pharyngeal endoderm; pm,
proximal mesenchyme; se, surface ectoderm; vl, ventrolateral level. Scale bars:
A, 200 µm, B, 100 µm.
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Figure 2: Sox9 expression in explants from the proximal 2nd arch region.
The schematics below the graph illustrate the tissues in the region. Orientation is
dorsal to the top and lateral to the right. The colored lines indicate the cuts made
to extirpate the tissue. The graph shows the number and percentage of explants
that tested positive for Sox9. The tissues included in each graph are listed on the
horizontal axis. (A) Explants were removed from chick embryos at HH14, HH19
or HH24 and grown in collagen gel culture to E6. Mesenchyme cultured with
pharyngeal endoderm from HH14 tissues expresses Sox9 at E6, whereas
mesenchyme alone does not. At HH19 and HH24, Sox9 is expressed in the
mesenchyme at E6 in the absence of pharyngeal endoderm. (B) Transverse
sections of the head at the level of the 2nd arch with or without pharyngeal
endoderm present express Sox9 in all cases. The schematic below is labeled
with the tissues found in this region at the time of culture. (C) Extirpation of the
otic vesicle with mesenchyme results in PNA and Sox9 expression. Mesenchyme
explanted with surface ectoderm expresses Sox9 in a quarter of cases.
Abbreviations: bv, blood vessel; D, dorsal; dl, dorsolateral; L, lateral; m/M,
mesenchyme; nc, notochord; nt, neural tube; ov/OV, otic vesicle; PA2, 2nd
pharyngeal arch level tissue; pe/PE, pharyngeal endoderm; PNA, Peanut
Agglutinin Lectin; se/SE, surface ectoderm. Scale bar: 100 µm.
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Figure 3: Fgf expression at the completion of NC migration.
(A-D) Whole mount HH14 stage embryos with anterior facing to the right and
dorsal to the top of the page. (a-d) Corresponding 50 µm gelatin sections are
indicated by a black line on the whole mount images. (A, B) Weak Fgf3 and Fgf4
expression is detected in the pharyngeal endoderm lip (arrowed a, b), whereas
strong Fgf8 and Fgf19 (C, D) endoderm expression is observed (arrowed, c, d),
with Fgf8 also expressed in the adjacent surface ectoderm at the groove of the
pharyngeal arch (asterisk). Abbreviations: A, anterior; D, dorsal; nt, neural tube;
pe, pharyngeal endoderm; oc, otic cup; ov, otic vesicle; se, surface ectoderm.
Scale bars: (A-D) 100 µm, (a-d) 100 µm.

	
  

86	
  

Figure 4: Fgf expression in during specification of pre-chondrogenic
identity.
(A-D) HH18/19 stage embryos, with the head to the right and dorsal towards the
top of the page. The black line indicates the level of the corresponding transverse
50 µm gelatin sections (a-d). (A) Fgf3 is expressed in the pharyngeal endoderm
in the 1st pouch (arrowed). (a) The section is through the endoderm at the
anterior of the 3rd arch. (B, b) Fgf8 and (C, c) Fgf19 are expressed in the proximal
anterior region of the 2nd arch (arrowed) and the vestibuloacoustic ganglion. (D,
d) Fgf4 expression is limited to the posterior 2nd arch endoderm (arrowed). Scale
bars: (A-D) 100 µm, (a-d) 100 µm.
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Figure 5: Fgf19 expression in the ear region.
(A-H) HH8-14 embryos with rostral towards the top of the page and (a-h)
corresponding transverse 50 µm gelatin sections. The black line on the whole
mount indicates the level of the section. (A) Initial Fgf19 expression is in the
mesoderm and is weakly expressed in the ventral neural folds, but not the
pharyngeal endoderm (arrowhead). (B, C) At HH9, expression is detectable in
the future pouch endoderm. (D-F) Expression is particularly noticeable in the fold
of the pharyngeal endoderm (arrowed). (G, g) As NC cells migrate into the 2nd
arch the cells are exposed to Fgf19 signaling in the endoderm. A second region
of Fgf19 expression is detected at level of the 4th arch from HH12. (H) At the
conclusion of NC migration Fgf19 expression is directly subjacent to the putative
columella mesenchyme population. Scale bars: (A-D) 100 µm, (a-d) 100 µm.
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Figure 6: The role of FGF signaling in inducing Sox9 in the mesenchyme.
The graph shows the number and percentage of explants that tested positive for
Sox9. The tissues included in each graph are listed on the horizontal axis. (A)
Mesenchyme and pharyngeal endoderm cultured for 24 hours with SU5402
soaked beads failed to express Sox9, whereas Sox9 expression was unaffected
by addition of PBS control beads. (B) In the converse experiment adding FGF8 or
FGF19 soaked beads to mesenchyme alone, induced Sox9 expression. PBS
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beads in control explants did not have Sox9 expression. Scale bars: (A) 100 µm,
(B) 100 µm.
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Figure 7: FGF and BMP signaling in initiation of the chondrogenic program.
The graph shows the number and percentage of explants that tested positive for
Sox9 and Col2a1. The tissues included in each graph are listed on the horizontal
axis. (A) Cultured HH14 mesenchyme expresses Sox9 when exposed to BMP4
alone, and in combination with FGF8 soaked beads, but not FGF8 beads alone
at E6. (B) Mesenchyme in the presence of pharyngeal endoderm, but not alone,
strongly expresses Col2a1 at E8. (C) Neither FGF8 or FGF19 protein soaked
beads is sufficient for Col2a1 expression. BMP4 is a weak inducer of Col2a1.
Only when BMP4 and FGF8 are combined does mesenchyme tissue express
Col2a1at E8. (D) By HH19, mesenchyme explanted in isolation expresses
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Col2a1 and is unaffected by the presence of FGF8 or BMP4. (E) Col2a1 is
expressed throughout the mesenchyme in tissue isolated at HH24. Scale bars:
(A, B) 100 µm, (C-E) 100 µm.
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Table 1: Sox9 expression at E6 in explanted tissues.

Exp
#
1

2

3

4

5
6
7

Explants
Mesenchyme +
PE
Mesenchyme
alone
Mesenchyme +
PE
Mesenchyme
alone
Mesenchyme +
PE
Mesenchyme
alone
Arch 2 slice PE
Arch 2 slice +
PE
Mesenchyme
+ otic vesicle
Mesenchyme +
otic vesicle
Mesenchyme +
surface
ectoderm

Stage

E

# with
exp

HH14

E2

36/36

HH14

E2

4/26

HH19

E3

3/4

HH19

E3

3/3

HH24

E4

8/8

HH24

E4

8/8

HH14

E2

10/10

HH14

E2

10/10

HH14

E2

13/13

HH14

E2

16/16

HH14

E2

5/20

%
with
exp
100
%
15.4
%
75%
100
%
100
%
100
%
100
%
100
%
100
%
100
%
25%

Marker

Stage
harvested

Sox9

E6

Sox9

E6

Sox9

E6

Sox9

E3

Sox9

E6

Sox9

E6

Sox9

E6

Sox9

E6

PNA

E6

Sox9

E6

Sox9

E6

Abbreviations: PE, pharyngeal endoderm; E, embryonic day; exp, expression.
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Table 2: Induction of Sox9 in explanted tissues

Exp
#
8

9

Explants
Mesenchyme
+ PE +
SU5402 bead
Mesenchyme
+ PE + PBS
bead
Mesenchyme
+ FGF8 bead
Mesenchyme
+ FGF19
bead
Mesenchyme
+ PBS bead

Stage

E

#
with
exp

%
with
exp

Marker

Stage
harvested

HH14

E2

2/24

8.3%

Sox9

+ 24 hrs

HH14

E2

10/1
2

83.3%

Sox9

+ 24 hrs

HH14

E2

5/5

100%

Sox9

+ 24 hrs

HH14

E2

6/8

75%

Sox9

+ 24 hrs

HH14

E2

1/7

14.3%

Sox9

+ 24 hrs

Abbreviations: PBS, phosphate buffered saline; PE, pharyngeal endoderm; E,
embryonic day; exp, expression.
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Table 3: Initiation of the chondrogenic program in explants.

Exp
#
10

11

12

13

14

15

	
  

Explants
Mesenchyme
+ FGF8 bead
Mesenchyme
+ BMP4 bead
Mesenchyme
+ FGF8 bead
+BMP4 bead
Mesenchyme
+ PE
Mesenchyme
alone
Mesenchyme
+ FGF8 bead
Mesenchyme
+ FGF19
bead
Mesenchyme
+ BMP4 bead
Mesenchyme
+ FGF8 bead
+BMP4 bead
Mesenchyme
alone
Mesenchyme
+ FGF8 bead
Mesenchyme
+ BMP4 bead
Mesenchyme
alone

Stage
HH14
HH14

E
E2
E2

# with
exp

% with
exp

Marker

Stage
harvested

1/8

12.5%

Sox9

E6

8/10

80%

Sox9

E6

4/6

66.7%

Sox9

E6

12/12

100%

Col2a1

E8

0/6

0%

Col2a1

E8

0/6

0%

Col2a1

E8

0/5

0%

Col2a1

E8

2/10

20%

Col2a1

E8

5/7

71.4%

Col2a1

E8

7/8

87.5%

Col2a1

E8

6/7

85.7%

Col2a1

E8

7/7

100%

Col2a1

E8

6/6

100%

Col2a1

E8

E2
HH14
HH14
HH14
HH14

E2
E2
E2
E2

HH14
HH14

E2
E2

HH14
HH19
HH19
HH19
HH24

E3
E3
E3
E4
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Abbreviations: BMP, Bone Morphogenetic Protein; FGF, Fibroblast Growth
Factor; PBS, phosphate buffered saline; PE, pharyngeal endoderm; E, embryonic
day; exp, expression.
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Abstract

Skeletal condensation occurs when specified mesenchymal cells self organize
over several days to form a distinctive cartilage template. Here, we determine
how specified mesenchymal cells integrate mechanical and molecular
information from their environment forming a cartilage condensation. The
classical model defines condensation based on increased cell density. Based on
our results, we propose a revised model for skeletal condensation, which is
based on differential cell shape changes and independent of increasing cell
density. By disrupting cytoskeletal reorganization, we demonstrate that dynamic
cell shape changes drive condensation and modulate the response of the
condensing cells to FGF, BMP and TGF-β pathways. Rho Kinase driven
actomyosin contractions and myosin II generated differential cell cortex tension
drive the cell shape changes and negatively TGF-β pathway. Disruption of
condensation inhibits the differentiation of the mesenchymal cells into
chondrocytes exhibiting that condensation regulates the fate of the mesenchymal
cells. We also find that dorsal and ventral condensations undergo distinct cell
shape changes regulated by BMP. BMP regulates the dorsal condensation
specific cell shape changes by antagonizing TGF-β signaling. This study
elucidates the fundamental principles of interplay between mechanical forces and
molecular signaling, in a self-organizing system, generating shape and form.
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Introduction

The emergence of order and symmetry during organogenesis is an important
question in development. Coordinated and collective cell behaviors replace
apparently chaotic cell dynamics during spatiotemporal organization of tissue
(Martin et al., 2009). Mesenchymal condensation is the first indication of tissue
organization during skeletal development, followed by overt differentiation
(McBride et al., 2008). Skeletal condensation inherently is a self-organizing
system where the mesenchymal cells interact with their microenvironment
dynamically to lay out the blueprint of the cartilage or bone (Kumar et al., 2010).
The spatiotemporal interactions between the cells and their microenvironment
that drive condensation are poorly understood.

We hypothesize that dynamic cell shape changes drive mesenchymal
condensation during endochondral ossification. The dynamic cell shape changes
are a result of a continuous and coordinated interplay between adhesion, cell
cortex tension and molecular signaling. Cell-to-cell and cell-to-extracellular matrix
(ECM) adhesion molecules including N-CAM, N-cadherin, Fibronectin and
Tenascin have differential spatiotemporal expression during early
chondrogenesis (Daniels and Solursh, 1991; Hall and Miyake, 2000; Cameron et
al., 2009). The cell responds to the changing adhesive forces by dynamically
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rearranging the cytoskeleton (Christley et al., 2007; Lecuit and Lenne, 2007;
Mammoto and Ingber, 2010). The previous studies focused more on the
expression pattern of the adhesion molecules regulated by growth factors than
the regulation of the physical properties of the cell by adhesive forces (Hall and
Miyake, 2000; Barna and Niswander, 2007). Thus so far, the role of
mechanotransduction has been overlooked in this regard. To determine the
mechanism driving skeletal condensation we specifically examined the
interaction between mechanical forces and molecular signaling.

The classical model defines skeletal condensation as a dispersed population of
progenitor cells aggregating to form a skeletal template. Most of the studies
involving skeletal condensation have been done in the context of endochondral
ossification, where condensation is followed by overt differentiation into
chondrocytes (Hall and Miyake, 2000). Although, the characteristic sequence of
events during endochondral ossification is well established, literatures often blur
the distinction between mesenchymal condensation and overt chondrogenesis
(Stott et al., 1999; Ghosh et al., 2009). In this study, we determined the precise
timing of condensation process. Current theories concerning the physical
mechanisms of condensation during cartilage development include cell migration
towards the center, cell proliferation, an inability of cells to move away from the
center and differential cell-to-cell and cell-to-ECM (extracellular matrix) adhesion.
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However, there is a lack of conclusive evidence favoring any of these theories
(Daniels and Solursh, 1991; Hall and Miyake, 2000; Christley et al., 2007; Butler
et al., 2009). Most of the existing knowledge, which forms the basis of these
theories, comes from the studies using micromass cultures (Daniels and Solursh,
1991; Stott et al., 1999; Hall and Miyake, 2000; Ghosh et al., 2009). Micromass
cultures begin as dissociated cells in a two-dimensional environment and
therefore do not accurately mimic the embryonic conditions. We examined the
supporting physical mechanism for mesenchymal condensation during
endochondral ossification in vivo.

Cell shape changes drive numerous early morphogenetic processes including
convergent extension, dorsal closure during gastrulation and Drosophila germ
band extension. In many cases, cell shape changes, driving tissue organization,
result from intrinsic contractile forces and differential cell cortex tension (Stott et
al., 1999; Koppen et al., 2006; Butler et al., 2009; Ghosh et al., 2009; Paluch and
Heisenberg, 2009). When cultured, mesenchymal stem cells, which are allowed
to adhere and flatten, is directed to an osteogenic fate, whereas round shaped
stem cells formed adipocytes (McBeath et al., 2004; McBride et al., 2008; Kilian
et al., 2010; Mammoto and Ingber, 2010). The mechanical continuum between
the cell and nuclear membrane is reflected in the change in shape and polarity of
the nucleus by cell shape changes, leading to downstream changes in gene
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expression (Wang et al., 2009; Mammoto and Ingber, 2010). A few studies
speculate that cell shape changes occur during condensation using micromass
cultures. However, they could not distinguish between condensation and overt
chondrogenesis and the imaging technology only allowed them to describe
rounded cells and not changes in cell shapes (Stott et al., 1999; Hall and Miyake,
2000; Christley et al., 2007; Ghosh et al., 2009). Here, using confocal microscopy
and dynamic in-vivo and tissue explant systems, we examined the
spatiotemporal cell shape dynamics.

Several signaling pathways including FGF, BMP, WNT and TGF-β regulate
skeletogenic development in a context dependent manner (Stott et al., 1999; Hall
and Miyake, 2000; Abzhanov et al., 2004; Creuzet et al., 2005; Day et al., 2005;
Mackie et al., 2008; Kumar et al., 2010). In this study, we specifically examined
the feedback loop between mechanical forces and molecular signaling patterning
condensation. Firstly, we determined the molecular signaling pathways that drive
dynamic cytoskeletal reorganization. Secondly, we determined the molecular
signaling pathways that are modulated by cell shape changes in the condensing
cells. To explore the cytoskeletal dynamics during skeletal condensation, we
used the chick middle ear bone morphogenesis as our model. Chick has a single
middle ear bone - the columella. Columella is composite in nature consisting of a
dorsal columella and a ventral extracolumella, representing the dorsal and ventral
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skeletal elements of the second pharyngeal arch respectively (Wood et al.,
2010). Pharyngeal endoderm derived FGF and BMP signaling specifies
chondrogenic identity in the multipotent mesenchymal cells, which then self–
assembles over several days forming a condensation (Kumar et al., 2012). In this
study, we examined if the same signaling pathways are involved in a bidirectional crosstalk with the mechanical forces during condensation.

In this study, we demonstrated how mechanical forces and molecular signaling
are integrated at the actin cytoskeleton driving skeletal condensation. Dynamic
cytoskeletal reorganization drives skeletal condensation. The cell shape
modulates the activation status of FGF, BMP and TGF- β signaling in the
condensing mesenchyme. Differential cell cortex tension and ROCK driven
actomyosin contractions are important to drive cell shape changes and negatively
regulates TGF-Beta signaling. BMP drives dorsal condensation specific
cytoskeletal rearrangements. In the absence of BMP signaling, ventralization of
condensation occurs and dorsal morphology fails to develop.
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Results

Dynamic cell shape changes occur during columella condensation and the switch
to overt chondrogenesis

The skeletogenic mechanisms are well understood at the chondrogenic and
osteogenic time points. However, our knowledge of early processes, such as
mesenchymal condensation is more superficial. In the case of endochondral
ossification, most of the literature blurs the distinction between condensation and
overt chondrogenesis. In addition, the few studies of condensation that have
been performed use micro-mass cultures of limb mesenchyme in vitro (Daniels
and Solursh, 1991; Daniels et al., 1996; Miyake et al., 1996; Hall and Miyake,
2000; Ghosh et al., 2009).

Cell shape changes drive early embryonic processes such as convergent
extension and dorsal closure during gastrulation, but have not previously been
implicated as a driving force for the condensation process (Hall and Miyake,
2000; Koppen et al., 2006; Butler et al., 2009; Paluch and Heisenberg, 2009;
Mammoto and Ingber, 2010). The classical model of condensation is dependent
on both condensing mesenchyme cells and chondrocytes being rounded in
shape (Hall and Miyake, 2000). During condensation there is known temporal
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regulation of cell to cell and cell to ECM adhesion molecules, such as NCAM, NCadherin, Fibronectin (Daniels and Solursh, 1991; Miyake et al., 1996; Hall and
Miyake, 2000; Woods et al., 2007), suggesting that cell shape changes are
critical for condensation, prior to overt chondrogenesis. We propose that
condensation can be redefined based on the timing of cell shape changes and
tissue organization, rather than cell density.

We have analyzed the morphological progression of condensation in vivo from
HH24, following specification of neural crest derived mesenchyme, through to
overt chondrogenesis at HH35 (Wood et al., 2010). The fluorescent markers
Phalloidin (F-Actin), anti- Beta catenin (plasma membrane cortex) and Hoechst
(DNA) were analyzed on transverse sections at the level of the second
pharyngeal arch.

The putative columella region is bound by the lateral cardinal vein, medial dorsal
aorta, second pharyngeal arch endoderm in the ventral aspect and dorsally by
putative otic capsule surrounding the cochlear duct (Fig. 1A). The more
posteriorly situated extracolumella mesenchyme, relative the columella, is bound
by the lateral surface ectoderm, medial pharyngeal endoderm and dorsally
situated cardinal vein situated (Fig. 1B). At low magnification, during the initial
stages of columella morphogenesis between HH24 and HH29, the cells maintain
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their mesenchymal appearance (asterisk, Fig. 1A a,b). At HH30, cell organization
begins to change leading to an apparent increase in actin levels and an
organized tissue structure is visible (Fig. 1Ac). This structure becomes more
defined from surrounding tissues (Fig. 1Ad). By HH32, the columella cartilage
plate is well defined (Fig. A (f-o)]. Based on the reorganization of the tissue, we
propose that condensation is occurring at HH30.

The extracolumella follows its own distinct pattern of progression (Fig. 1B).
Although a mesenchymal morphology is visible at HH24, this rapidly changes,
forming an epithelial sheet-like tissue by HH26. This tissue extensively remodels
between HH26 and HH34. From HH30, the arms of the extracolumella become
apparent (Fig. 1c). An organized tissue structure with a distinct boundary is seen
at HH31.5 (Fig). The extracolumella cartilage plate forms at HH34 (exc, Fig. Be).
Interestingly, tissue reorganization occurs at HH26, suggesting that
extracolumella condensation occurs earlier than columella condensation. Thus,
morphogenesis of these two structures occurs at different rates.

To define when condensation occurs and the nature of the cell shape changes,
we analyzed the cytoskeletal arrangements in these tissues. Between HH24 and
HH29, cells have numerous disorganized cell processes and a rounded nucleus.
The actin cytoskeleton reorganizes continuously throughout these stages (Fig.
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1A f, g, k, l). At HH30, cells develop long actin protrusions resembling filopodia.
These branches organize the cells into a web-like network leading to increased
tensile forces acting on the cells (yellow arrowheads, Fig. 1h, m). In addition, the
cortically located actin framework becomes more regular giving the cells a
rhomboid stellate appearance (Fig1A h, m). The cell experiences cortical tension,
flattening the nucleus. Together with the adhesive forces from cell to cell contacts
and cell to ECM focal adhesions these lead the initially rounded nuclei to take on
a flattened elongated appearance by HH30. The classical model infers that
compressive forces are responsible for condensation, producing rounded nuclei.
However, our data shows tensile forces at work, producing the opposite effect.
Dynamic cytoskeletal rearrangements continue, leading to more spherical cells
and cell nuclei. The transition between cell shape and nuclear shapes is
explained by relaxation of the tensile forces. A decrease in tensile forces,
including cortical tension, cell protrusions and focal adhesions, is required to
make the cells more rounded. The actin cytoskeleton adopts a spiky appearance
during the switch to overt differentiation at HH32 [Fig. 1A (i, j, n, o)]. Cell to cell
protrusions retract, leaving only cortical tension and localized focal adhesions.
[Fig. 1A (i, j, n, o)]. Chondrocytes have tiny cell protrusions (Fig. 1A j, o) making
focal adhesion points with the newly deposited ECM (ref). The perichondrial cells
and their nuclei are oval in shape and oriented circumferentially (fig1A). Based on
these data we propose that condensation is occurring at HH30.

	
  

108	
  

Cell shape changes and cytoskeletal reorganization also take place during
extracolumella morphogenesis (Fig. 1B f-o). At HH24, unlike the columella
mesenchyme, the extracolumella cells are tightly packed (double asterisks,
Fig.1B a). At HH26, the cells are polygonal in shape with cortically located actin
and rigid cell-to-cell connections (Fig 1B g, l). From HH30 the intercellular
connections remodel, as does the cortical actin. At HH31.5 the cells processes
have almost fully retracted, allowing the cells to round up as they differentiate into
chondrocytes at HH34 [Fig. 1B (i, j, n, o)]. Although the mechanism is different,
the end result is that chondrocytes in the columella and extracolumella are
morphological similar with round shape and have short focal adhesions (Fig 1B j,
o). We propose that condensation is occurring at HH26 in the extracolumella.

The classical model also states that mesenchymal condensation is associated
with an increase in cell density (Hall and Miyake, 2000). Quantification of cell
density in our in vivo model was performed from HH24-HH35 (Fig. 1C). The
graph shows that cell numbers in the columella increase from HH24-28.
However, no specific tissue organization is observed at these stages. From
HH28, cell density decreases as the tissue becomes more organized. From
HH30, when we propose that condensation has occurred, a continuing decrease
in cell density is observed to HH34.
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The extracolumella also has a small density increase between HH26-28 followed
by a precipitous drop from HH28 onwards. Therefore, in both cases cell density
decreases with increased tissue organization.

Based on reorganization of mesenchymal cells and a characteristic rhomboid
stellate cell shape, together with decreasing cell density, we are able to define
the onset of condensation as it occurs at HH30. Overt chondrogenesis also has a
characteristic spiky cell shape caused by localized focal adhesions. In
comparison, the extracolumella condensation forms at HH26, with a polygonal
cell shape. Our data supports a model in which the two condensations are initially
separate.

These results demonstrate that dynamic cytoskeletal rearrangement occurs
during as the pre-chondrogenic progenitor cells self-assemble into a cartilage
with its characteristic shape. These data also establish that first appearance of
tissue specific organization is coincident with differential cell shape changes not
increased cell density. Therefore skeletal condensation can be defined more
precisely based on differential cell shape changes rather than increased cell
density.
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These results raise the question of whether the differential nature of cell shape
changes between columella and extracolumella correspond to their respective
fates of being a replacement or a persistent cartilage. To determine if
replacement and persistent cartilage condensations have different morphology
and cell shapes, we visualized the cytoskeletal organization of condensations of
the basihyal (persistent), the basibranchial (replacement), the epibranchial
(persistent) and the ceratobranchial (replacement) cartilages in the second
pharyngeal arch. However, all those cartilages exhibited an extracolumella like
morphology with polygonal densely packed cells (Supplementary Fig. 1). In
contrast, when we examined otic capsule and basal plate condensations, the
morphology resembled columella condensations, consisting of loosely organized
cells with long cell-to-cell connections. These results indicate that there are no
correlation between the cell shapes of the condensation and the fate of the
cartilage in the context of being replacement or persistent. In the second
pharyngeal arch, the columella, the otic capsule and the basal plate are dorsally
located. On the other hand, extracolumella, epibranchial, ceratobranchial,
basibranchial and basihyal are ventrally situated. Thus, our results demonstrate
that dorsal and ventral condensations have distinct morphology and cell shapes.
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Dynamic cytoskeletal reorganization is required for columella condensation and
the characteristics cell shapes regulate the activation of FGF, BMP and TGF-β
pathways in the condensing mesenchyme.

The precise physical mechanism of mesenchymal condensation during skeletal
morphogenesis is poorly understood. Our hypothesis is that dynamic cell shape
changes drive skeletal condensation. During chondrogenesis, there is a
spatiotemporal regulation of cell-cell and cell-ECM adhesion molecules (Daniels
and Solursh, 1991; Hall and Miyake, 2000; Woods et al., 2007). This suggests a
dynamic response in the form of a reorganizing actin cytoskeleton. To test if cell
shape changes and actin rearrangements are required for columella,
condensation to occur, we used Cytochalasin D, an inhibitor of actin
polymerization, to disrupt the dynamic cytoskeletal rearrangement before
columella condensation (Goddette and Frieden, 1986; Wakatsuki et al., 2001;
Quinlan et al., 2004; DuFort et al., 2011). We developed a novel explant culture
system, where slices of the head region of the chick embryo was excised and
cultured on the top of filter membrane inserts. We did a dose dependent study to
ensure that there were no cytotoxic effects. The lowest effective dose of 50 μM
was applied at HH28, a day before columella condensation (HH30).
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In the control tissue, the cells were well organized with cortically located actin
and long cell-cell connections resembling mesenchymal cells in a condensed
columella (Fig. 2A-C). In the absence of actin polymerization, there was a lack of
a tissue specific organization in the putative columella region compared to the
control (Fig. 2D). In the treated explants, cells were disorganized with the actin
polarized at one corner of the cell membrane and cell-cell connections abnormal
or absent (Fig. 2D-F). These results demonstrate that in the absence of actin
polymerization and continuous cytoskeletal rearrangements, columella
condensation failed to develop. Therefore dynamic cytoskeletal reorganization,
leading to cell shape changes, are required for skeletal condensation.

We next examined if cell shape changes modulate the response of the
condensing cells to molecular signaling pathways. We tested for activated TGFβ, FGF and BMP signaling in the condensing mesenchyme. Phosphorylated
Smad2, pSmad1/5/8 and pERK are reporters of TGF- β, BMP and FGF pathway
respectively, indicating active signaling (Wandzioch and Zaret, 2009). In controls
(Fig. 2G-H), phosphorylated Smad1/5/8 and ERK were present in the columella
condensation whereas, in the Cytochalasin D treated explants, Smad1/5/8 and
ERK phosphorylation were absent (Fig. 2J-K). Thus, FGF and BMP signaling is
downregulated in the absence of characteristics cell shape changes and
columella condensation. We also observed high levels of pSmad1/5/8 and pERK
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staining in the columella at HH31 and HH32 (data not shown) demonstrating
active BMP and FGF pathways during overt chondrogenesis. In contrast, high
levels of Smad2 phosphorylation were observed in the treated explants (88%)
compared to the controls (5%) (Fig. 2I, L and M) During normal development,
pSmad2 expression is detected at HH28 in the putative columella region,
temporarily downregulated at HH30 during condensation and again upregulated
by HH31, as the condensed cells switch to overt differentiation (Supplementary
Fig. 2). Therefore, our results demonstrate that TGF–β signaling is maintained in
the absence of dynamic cytoskeletal reorganization and stellate-rhomboid cell
shapes with elongated cell protrusions. Together, the results of cell shape
visualization and pSmad2 staining experiments suggest that tensile forces
negatively regulate TGF-β signaling during columella condensation, leading us to
further examine the interactions between TGF-β pathway and mechanical forces
in the rest of the study.
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Condensation is required for overt differentiation into chondrocytes

We next examined if the cytoskeletal reorganization is required to maintain
prechondrogenic identity and to undergo overt differentiation. We did in-situ
hybridization experiments with Sox9 and Col2, the markers of prechondrogenic
and chondrogenic cells respectively (Kumar et al., 2010; Wood et al., 2010).
Sox9 expression was detected in the putative columella region of the
Cytochalasin D treated explants (supplementary Fig 3A-B), although, at a lower
level, suggesting that prechondrogenic identity is still maintained in the absence
of cytoskeletal reorganization. However, Col2 expression was not induced in the
absence of cell shape changes leading to the failure of condensation process
(suppl. Fig. 3C-D). This data indicates that condensation is required for overt
chondrogenesis and the two processes cannot be uncoupled.

FGF or BMP signaling alone is not required for switch to overt differentiation into
chondrocytes

Active FGF and BMP signaling are present in the condensing mesenchyme and
in the differentiating chondrocytes. Therefore, we asked whether FGF and BMP
signaling, individually, are required for the switch to overt chondrogenesis. We
added BMP inhibitor (LDN193189) and FGF inhibitor (SU5402) respectively to
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the explant cultures at E6 (columella condensation) for 24 hours. The explants
were analyzed by Col2 in-situ hybridization. Normal Col2 expression was
observed in both the control and treated explants (Supplementary Fig. 4)
respectively. Our results demonstrated that neither BMP nor FGF signaling alone
is required for the switch to overt differentiation, suggesting a redundancy among
the active signaling pathways.

Myosin II generated differential cell cortex tension regulates the formation of
columella condensation

We next examined the coordinated interplay between differential cell cortex
tension, actomyosin contraction and molecular signaling. The characteristics cell
shape changes during columella condensation indicated regulation by tensile
forces. We hypothesized that myosin II generated differential cell cortex tension
regulates the cytoskeletal reorganization. Myosin II is responsible for actomyosin
contractions and cell cortex tension regulating tissue morphogenesis (Lecuit and
Lenne, 2007; Mammoto and Ingber, 2010). Myosin II generated differential cell
cortex tension drives tissue organization of the germ layers during gastrulation
(Krieg et al., 2008). To test the requirement of Myosin II during condensation, we
applied 170μM Blebbistatin, an inhibitor of myosin II to the slice cultures at HH28
for 24 hours (Kovacs et al., 2004). Blebbistatin established equal cortical tension
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among all the cells in the second pharyngeal arch, eliminating the differential cell
cortex tension.

In control, normal columella condensation develops (Fig. 3A). In the Blebbistatin
exposed explants, columella condensation failed to develop. The cell shapes
were distinct than that in a normal columella condensation with numerous actin
fibers and irregular cell protrusions (Fig. 3I and 3K). The lack of tissue specific
organization and the failure of columella condensation suggest that differential
cell cortex tension is involved in forming the columella condensation. These
results directly indicate that Myosin II is required for the dynamic cell shape
changes that drive columella condensation.

Since our earlier results indicated that TGF-Beta signaling is negatively regulated
by tensile force mediated cell shape changes during columella condensation, we
hypothesized that Myosin II generated cortical tension inhibits the TGF-Beta
pathway. We tested for active TGF-β staining by pSmad2 antibody staining.
There was a substantial increase in Smad2 phosphorylation levels in the treated
explants (88%) compared to the controls (5%). These data confirm that
differential cell cortex tension regulated the cell shape changes inhibit TGF-Beta
signaling during columella condensation.
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ROCK signaling is required to drive cell shape changes during columella
condensation

Actomyosin Contractions generate and control differential cell cortex tension.
Rho Kinase (ROCK), which lies upstream of Myosin II, regulates actomyosin
contractions and actin filament dynamics (Gallo and Letourneau, 2004; Lecuit
and Lenne, 2007; Mammoto and Ingber, 2010). To investigate whether ROCK
(Rho Kinase) mediated signaling are required for the cell shape changes and the
dynamic cell protrusions during columella condensation, we used Y27632, an
inhibitor of ROCK signaling. 200μM of Y27632 inhibitor was applied on slice
cultures at HH28 for 24 hours.

In controls, columella condensation normally developed (Fig. 3A-D) with
characteristics cytoskeletal arrangement. In the treated explants, increased
amounts of actin fibers result in irregular shaped cell cortex (Fig. 3E and G),
resembling the Blebbistatin treated explants. The lack of differential tissue
organization and condensation in the putative columella region indicates a failure
of the condensation mechanism (Fig. 3E). These data demonstrate that ROCK
signaling is required to drive the cell shape changes. Together the results of the
Myosin II inhibitors, this data suggest that actomyosin contractions and cell
cortex tension regulates the cell shape changes during condensation.
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Next we determined whether ROCK signaling mediated actomyosin contractions
downregulated TGF-β signaling during columella condensation. In controls, there
was negligible Smad2 phosphorylation (9%) whereas in experimental explants
there was a substantial increase in the number of pSmad2 positive cells (66%).
These results demonstrate that actomyosin contractions and differential cell
cortex tension negatively regulate TGF-β signaling to drive the cell shape
changes forming columella. TGF-β signaling activity is therefore acts as readout
of the differential tensile forces within the condensing mesenchymal cells.

BMP inhibition results in transformation of the dorsoventral identity of skeletal
condensation by upregulation of TGF-β signaling

To establish the role of signaling pathways during condensation, we applied
inhibitors of FGF, BMP and WNT pathway in the explant cultures before
condensation. No change in condensation morphology or cell shapes was
observed when WNT inhibitor (XAV939) and FGF inhibitor (SU5402) were used
(data not shown).

Bone Morphogenetic Protein (BMP) signaling regulates chondrogenesis at
multiple stages (Duprez et al., 1996; Abzhanov et al., 2004; Barna and
Niswander, 2007; Merrill et al., 2008). To test whether BMP signaling drives the
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cell shape changes forming columella condensation, we used LDN193189 - a
small molecule inhibitor of BMP signaling. LDN193189 prevents Smad1/5/8
phosphorylation by inhibiting BMP type I receptors ALK2 and ALK3
(Boergermann et al., 2010). We applied 100μM of the inhibitor to the slice
cultures at stage HH28 for 24 hours.

In controls, columella condensation formed normally (Fig. 4A). In treated
explants, the cells are polygonal in shape and were densely packed with tight
cell-cell connections, reminiscent of the extracolumella condensation (Fig. 4E,
4G). Cell density significantly increases (Fig 4J) in the absence of BMP signaling,
compared to the controls. Thus, when BMP signaling is inhibited, a condensation
resembling the extracolumella develops (Fig. 4E-G). Interestingly, dorsally
located otic capsule, which is of heterogeneous origin and is derived from neural
crest, cranial mesoderm and the first somite, also adopted the extracolumella
morphology (Couly et al., 1993). Thus, the cell shapes induced by BMP are
independent of cellular origin but dependent only on positional identity. Our
results demonstrate that BMP signaling is required to drive the cell shape
changes characteristic of the dorsal condensations. A dorsoventral
transformation of condensation morphology occurs in the absence of BMP
signaling.
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We then analyzed whether BMP signaling, regulating the cell shape changes,
antagonizes TGF-Beta signaling. Staining with pSmad2 antibody was undertaken
to confirm the hypothesis. In controls, negligible amount of pSmad2 was detected
(Fig.4B, D and I) (1%). However, in the explants exposed to BMP inhibitor, high
levels Smad2 phosphorylation was present (Fig. 4F and H) (63.5%). These
results demonstrate that BMP signaling driven cell shape changes inhibits TGF-β
signaling. Therefore, BMP regulates the tensile forces present in the condensing
cells. However, normal extracolumella condensation exhibited negligible levels of
Smad2 phosphorylation (data not shown). This indicates that BMP inhibition
converts dorsal into ventral condensation by a downstream mechanism different
than default ventral patterning. We therefore propose a model where a threshold
of differential cell cortex tension is require for skeletal condensation. Cells of the
dorsal condensation, such as the columella, have a higher magnitude of cell
cortex tension due to BMP signaling than the cells of the ventral condensation.

In the converse experiment, we added human recombinant BMP4 to our slice
cultures at HH24, which demonstrated that BMP4 is not sufficient to transform
ventral into dorsal condensation (data not shown). It is most likely possible that
the ventral cells are incompetent to respond to BMP signaling.
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Discussions

In this study, we examined how mechanical forces and molecular signaling are
integrated to drive skeletal condensation. Based on our results, we propose a
revised model for skeletal condensation, which is dependent on differential cell
shape changes but independent of increased cell density. Our experimental
system is the chick middle ear columella. We demonstrate that dynamic
cytoskeletal reorganization occurs during condensation and is important to drive
mesenchymal condensation. The dynamic cell shape changes modulate the
response of the condensing cells to the TGF-β, FGF and BMP pathways. ROCK
pathway mediated actomyosin contractions and Myosin II generated cell cortex
tension are required to form columella condensation and the associated
cytoskeletal rearrangements. Morphology of the condensation is dependent on
dorsoventral positional information. BMP signaling drives dorsal specific
cytoskeletal reorganization, imparting a dorsal morphology to the condensation.

Condensation is a critical to skeletal development (Hall and Miyake, 2000). The
interplay of mechanical forces and molecular signaling drive condensation by
dynamic cytoskeletal reorganization. Earlier studies of skeletal condensation
highlight the temporal requirement of adhesion molecules in initiating and
maintaining condensation (Daniels and Solursh, 1991; Hall and Miyake, 2000;
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Barna and Niswander, 2007; Cameron et al., 2009). This infers a role for
dynamic mechanotransduction and cytoskeletal reorganization, which we
address for the first time.

Cell shape changes during embryogenesis have been studied almost exclusively
in the context of epithelial morphogenesis (Paluch and Heisenberg, 2009). We
present the first direct evidence of dynamic cytoskeletal reorganization driving
mesenchymal morphogenesis. Molecular signaling pathway drives coordinates
cell shape changes, which in turn modulates the activation of molecular signaling
pathways in order to establish cartilage condensation.

Tissue organization during development requires coordinated cell behaviors
(Koppen et al., 2006; Lecuit and Lenne, 2007; Paluch and Heisenberg, 2009).
Collective cell shape changes regulate numerous embryonic processes including
dorsal closure and convergent extension during gastrulation and drosophila germ
band extension (Kilian et al., 2003; Koppen et al., 2006; Butler et al., 2009;
Martin et al., 2009; Paluch and Heisenberg, 2009). Changes in cell shapes also
drive changes in shape and size across tissue and organ level (Stott et al., 1999;
Lecuit and Lenne, 2007; Paluch and Heisenberg, 2009; Watanabe and
Takahashi, 2010). Cytoskeletal geometry and the spatial coordinates of external
boundaries define cell shape (Paluch and Heisenberg, 2009). The mechanical
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balance of the forces exerted on the plasma membrane by the intracellular
components and the outside environment maintains cell shape. Whenever this
mechanical equilibrium is perturbed, the cytoskeleton reorganizes itself in order
to achieve a new equilibrium. This in turn causes changes in the molecular
signaling cascade and gene expression (Paluch and Heisenberg, 2009;
Mammoto and Ingber, 2010). Due to mechanical continuum between the cell
membrane and nucleus, cell shape also influence nuclear shape and polarization
(Wang et al., 2009; DuFort et al., 2011). For example, nuclear membrane
proteins such as Nesprin1 and Nesprin2 have actin binding domains (Wang et
al., 2009). Also, a dome shaped perinuclear actin cap modulates the shape of the
nucleus (Khatau et al., 2009). Therefore, cytoskeletal rearrangement regulates
the fate of a cell (Lecuit and Lenne, 2007; Paluch and Heisenberg, 2009; Gao et
al., 2010; Kilian et al., 2010). For example, mesenchymal stem cells, which are
allowed to adhere and flatten, is directed to an osteogenic fate, whereas round
shaped stem cells formed adipocytes (McBeath et al., 2004).

Columella condensation contains loosely packed cells arranged in a web like
network. The cells are stellate-rhomboid in shape with long cell protrusions
connecting the cells. This kind of skeletal condensation has not been reported
before. On the other side, the extracolumella condensation contains of densely
packed polygonal cells with rigid intercellular connections. Therefore we have
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demonstrated that mesenchymal condensation is more complicated than the
classical definition of an aggregation of round shaped cells. Previous studies
relied on Sox9, PNA and Col2 as markers (Hall and Miyake, 2000; Woods et al.,
2007; Mackie et al., 2008; Ghosh et al., 2009). Sox9 and PNA labels all
prechondrogenic cells and therefore not are exclusive to condensed cells. Col2 is
expressed in differentiated chondrocytes (Wood et al., 2010). Existing literature
often blurs the distinction between condensation and overt chondrogenesis (Stott
et al., 1999; Woods et al., 2007; Ghosh et al., 2009), something we have
attempted to rectify in this study with fluorescent cytoskeletal markers and highresolution fluorescent microscopy. We demonstrated that cell density decreases
with formation of the condensation in contrast to previous studies, where an
increase in cell density is proposed as the mechanism leading to condensation.
This disparity can be explained by the in-vitro micromass culture system used in
those studies. Micromass cultures begin as dissociated cells gradually forming
adhesions/aggregations and become denser (Daniels et al., 1996). This leads to
rounding up of the cells giving the appearance of a condensation. However, the
micromass culture does not accurately reflect in vivo conditions. Based on our
findings, the apparent increase in cell density when labeled with PNA, Sox9 or
Toluidine Blue is more likely a change in cellular morphology, organization and
cytoskeletal architecture than actual increase in cell numbers.
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Tensile forces regulate morphogenetic process such as germ layer organization
and drosophila germ band extension (Daniels et al., 1996; Krieg et al., 2008;
Butler et al., 2009). Our results suggest that tensile forces regulate skeletal
condensation. Cell shape changes are a result of opposing tensile forces from
the differential cell adhesion and cell cortex tension (Lecuit and Lenne, 2007).
Thus, cells with stellate-rhomboid shape and elongated cell protrusions appear in
the columella due to differential tensile forces. Also Rho and ROCK driven
actomyosin contractions influence this process. Actomyosin contraction and cell
cortex tension are interdependent. However, this raises the question that how
does the transition from elongated to roundish shape and long to short
protrusions occurs? Two mutually exclusive theories can explain this
phenomenon. Firstly, an alteration of adhesive forces results in decrease in the
outward pulling forces, which causes shortening of cell protrusions and rounding
of cells. Alternatively, there are active compressive forces acting on the adheren
junctions resulting in the same phenotype.

We have further demonstrated that the differential cell cortex tension and
actomyosin contractions downregulated active TGF-Beta signaling in the
condensing cells suggesting a cross talk between TGF-beta pathway and tensile
forces. The upregulation of TGF-beta signaling with the rounding up of cells
supports the theory that tensile forces negatively regulate TGF-beta pathway.
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Previous studies have suggested cell compaction and compressive forces initiate
condensation (Barna and Niswander, 2007; Mammoto et al., 2010). Here we
present a model where tensile forces initiates and pattern condensation. We
propose that a threshold of differential cell cortex tension is required to form a
skeletal condensation. We speculate that cells of the dorsal condensations
experience a higher magnitude of differential cell cortex tension due to BMP
signaling than the cells of the ventral condensations.

Finally, the manipulation of BMP signaling reveals that ventral condensation
pattern is the basal state. Activated BMP signaling, which represses TGF-beta
signaling by regulating the differential cell cortex tension acts at an instructive
capacity to pattern dorsal/columella identity.

FGF signaling from the pharyngeal endoderm specifies the mesenchyme towards
a chondrogenic identity in the second pharyngeal arch of chick embryos. FGF
signaling induces an autonomous program towards chondrogenesis. Once
specification occurs, FGF signaling becomes redundant (Kumar et al., 2010).
Based on our results we speculate that the patterning of the condensations in the
second pharyngeal arch is initiated by FGF signaling, which is overridden by
BMP to establish the dorsal identity. Therefore, ventral condensation is the
default ground pattern regulated by FGF from the pharyngeal endoderm and
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possibly the surface ectoderm of the second arch, during earlier specification.
The downstream pathway of patterning in the absence in BMP is distinct from the
default ventral pathway, which does not involve TGF-β. Thus, the dorsal
mesenchymal cells have an inherent predisposition to active TGF-Beta signaling
which is suppressed by BMP. There have been previous examples of an
antagonistic relationship between TGF-Beta and BMP pathways during
development including skeletal development (Keller et al., 2011). Here we
establish that the antagonistic relationship exists as a result of the dorsal specific
cell shape changes during mesenchymal condensation regulated by tensile
forces.

Finally, what is the significance of the differential dorsoventral patterning of
condensation regulated by BMP? We propose that the cellular shapes in a
condensation inform the final shape of the cartilage. Actin geometry of the cell
determines the orientation of cell division and therefore regulates the direction of
growth (Minc et al., 2011). Thus, shape of the skeletal element is determined at
the condensation stage rather than the cartilage shape. The dorsal bones are
broad and flat whereas the ventral bones are elongated and thin supporting out
theory (Alexander et al., 2011). Furthermore, studies of Darwin finches have
demonstrated that finches with short and broad beaks have higher early levels of
BMP expression than the finches with long and sharp beak. The divergence in
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morphology in beak shape is established as early as condensation (Abzhanov et
al., 2004). Thus changes in cell shapes across condensation can translate into
shape changes of the overall skeletal element. This study therefore provides an
explanation of how BMP regulates cartilage shape at the cellular and molecular
level during craniofacial patterning.
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Materials and Methods

Chick embryos

Fertilized chicken eggs were obtained from Clemson Poultry Farm, Clemson
University and incubated at 38.5°C in a humidified incubator to the desired stage.
The embryos were harvested in normal saline solution and staged according to
the Hamburger-Hamilton (HH) staging system (Hamburger and Hamilton, 1951).

Slice cultures and inhibitor treatment

Slice cultures were performed at stages HH25 and HH28. Using a flame
sharpened tungsten needle (0.125 mm, World Precision Instruments), a
transverse slice of the head region was obtained by making two sharp cuts,
rostral and caudal to the otic vesicle dorsally and venrally at the boundaries of
1/2 and 2/3 pharyngeal arches respectively. The tissue was then washed in L15
media containing 1% Penicillin and Streptomycin (Pen Strep), placed flat on a
Millicell cell culture insert (PICMORG50, Millipore) and cultured in a humidified
incubator with 5% CO2 at 37°C for 24 hours. Neurobasal media (Gibco)
containing B27 (Gibco) and supplemented with 5% Fetal Bovine Serum (FBS)
(Fisher), 1% Pen Strep (Gibco) and 1% Glutamax (Gibco) was used. Inhibitors
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used were Cytochalasin D, 50 µM (PHZ1063, Molecular Probes), Blebbistatin,
170 µM (#B0560, Sigma), Y-27632/ROCK inhibitor, 200 µM) (Y0503, Sigma),
XAV939/Wnt pathway inhibitor, 200 µM (Sigma, X3004), SU5402/FGF receptor
inhibitor, 100 µM (Pfizer) and LDN193189/BMP receptor inhibitor, 100 µM (#040074-02, Stemgent). The control medias contained equivalent amount of the
respective solvents (DMSO or water).

Tissue preparation for immunohistochemistry

Fixed tissue samples were washed twice in 1X Phosphate Buffered Saline (PBS)
and then infiltrated with 5% and 15% sucrose/1X PBS solutions overnight
(Warren et al. 2010). Next, the tissues were washed in a 7.5% gelatin/15%
sucrose solution for several hours at 40°C in a water bath and embedded in a
cryomold using 2-Methyl Butane and dry ice. Tissues were cryosectioned at 40
µm using a Leica CM3050 cryostat.
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Cell shape visualization

Chick embryos/explants were fixed in 4% paraformaldehyde (PFA) for 12-18
hours at 4°C. Tissues were embedded and cryosectioned as described.
Cryosections were washed once in 1X PBS and 3x in 1X PBT (1X PBS + 0.1%
TritonX-100 + 1% BSA) for five minutes. Next the sections were blocked in 1X
PBT +10% goat serum for one hour. Anti-beta catenin antibody (rabbit polyclonal,
#ab6302, Abcam) diluted 1:100 in 1X PBT was applied for two hours at room
temperature in a humidified chamber. The slides were washed several times in
1X PBS, followed by 1X PBT washes, each for five minutes. Alexa Fluor 568
Phalloidin (1:40 in 1X PBT) (Molecular Probes) and Goat anti-rabbit Alexa Fluor
488 secondary antibody (1:400 in 1X PBT) (Molecular Probes) were applied for
two hours at room temperature in a humidified chamber. This was followed by
several 1X PBS and 1X PBT washes, five minutes each. The sections were
incubated with Hoechst 33342 (Sigma) (200 µg/ml in 1X PBS) for 30 minutes. A
final wash with 1X PBS for five minutes was followed by incubation in
Equilibration buffer (Molecular Probes) for five minutes and mounted in Slowfade
(Molecular Probes) for imaging.

	
  

132	
  

Immunohistochemistry

Embryos and tissue explants were fixed in either 4% PFA or 10% Neutral
Buffered Formalin (NBF) for one hour on ice. The samples were embedded and
cryosectioned as described. The immunolabeling protocol was same as the cell
shape visualization protocol described above except that the incubation time with
the primary antibodies ranged from overnight (pSmad2 and pERK) to four days
(pSmad1/5/8) at 4°C. For pERK staining, antigen retrieval was performed by
microwaving in Antigen Unmasking solution (#H-3301, Vectorlabs). The following
antibodies were used: primary antibodies used were pSmad2 (1:25, #3101, Cell
Signaling Technology), pSmad1/5/8 (1:100, #9511, Cell Signaling Technology),
pERK (1:5, #9101, Cell Signaling Tehcnology); secondary antibody used was
Rabbit Goat anti-rabbit Alexa-Fluor 488 secondary antibody (1:400, Molecular
Probes).

In situ hybridization

Whole-mount and section in situ hybridization was performed as previously
described (Kumar et al., 2010).
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Imaging and image analysis

All imaging was performed using a Nikon TiE inverted confocal microscope with a
Roper Scientific HQ2 camera. Image processing and analysis were performed
using Nikon NIS Elements version AR 3.2. Adobe Photoshop was used to
prepare composite images. Cell numbers were quantified by using ImageJ (NIH,
http://rsbweb.nih.gov/ij/). Statistical analysis was performed using one-way
ANOVA. A p value, less than 0.05, was considered significant.
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Figure 1: Dynamic cell shape changes occur during columella
condensation:
Transverse frozen sections at the otic level, 40 µm. Fig. 1A(a-e): Confocal
immunofluorescence images; magnification 20x. Cytoskeletal organization during
the morphogenesis of the columella. Fig. 1A (f-o): Magnification 60x. Cell shape
changes during the columella condensation and overt chondrogenesis. Scale
bar represents 25 microns. Fig. 1B (a-e): Confocal immunofluorescence images;
magnification 20x. Cytoskeletal organization during the morphogenesis of the
extracolumella. Scale bar represents 150 microns. Fig 1A (f-o): Magnification
60x. Cell shape changes during the extracolumella condensation and overt
chondrogenesis. Fig 1C: Scatter plot representing the cell counts in an area of
800x800 pixels at a specific stage of the columella and the extracolumella
morphogenesis. Fig 1D: Timeline of the columella and the extracolumella
condensation and chondrogenesis. Abbreviations: cd-cochlear duct, c-columella,
D-dorsal, exc-extracolumella, M-Medial, oc- otic capsule, pe-pharyngeal
endoderm, pt- paratympanic organ, se-surface ectoderm and v-blood vessel.
Single asterisk and double asterisks indicate putative columella and
extracolumella region respectively. Yellow arrows indicate perichondrium. White
arrows indicate long cell-cell connections between the condensing cells of the
columella. Scale bar at the top panel represents 150 µm and scale at the bottom
panel represents 25 µm.
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Figure2: Dynamic cytoskeletal reorganization is required for columella
condensation and modulates the activation of molecular signaling
pathways:
Frozen sections, 40 µm. Fig. 2A and D – cytoskeletal organization in the putative
columella region (dotted and white circles) at 20X magnification. Fig. 2 B, C, E
and F represent the cell shapes in the putative columella region at 60X
magnification. Fig. 2G-L represents the activation status of FGF (G,J), BMP (H,K)
and TGF-Beta (I,L) signaling by pERK, pSmad1/5/8 and pSmad2 staining
respectively. Fig. 2A-C and Fig. 2G-I represent DMSO controls whereas, Fig. 2DF and Fig. 2G-L are Cytochalasin D treated explants. Fig. 2M is a graphical
representation of the percentage of pSmad2 positive cells in the control and
treated explants. Asterisk (*) indicates statistically significant difference (p<0.05).
CyD – Cytochalasin D. Scale bar represents 30 µm.
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Figure3: Rho Kinase and Myosin II are required to drive cell shape
changes:
Frozen sections of slice cultures, 40 µm. Fig. 3 (A-D) represent control. Fig. 3E-F
represents Y27632 (Rho Kinas inhibitor) treated explants. I-l represents
Blebbistatin (myosin II inhibitor) treated explants. The first two panels (A,B, E,F, I
and J) are 20x magnification showing cell organization in the putative columella
region (dotted and white circles). C, G and K specifically demonstrate the cell
shapes in the putative columella region. B,F,J,D,H and L demonstrates pSmad2
staining indicating active TGF-beta signaling. M is a graphical representation of
the percentage of pSmad2 positive cells in the control and Y27632 and
Blebbistatin treated explants respectively. Asterisk (*) indicates statistically
significant difference (p<0.05). Scale bar represents 30 µm. Cyd – Cytochalasin
D.
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Figure 4: BMP inhibition results in dorsoventral transformation of the
condensation morphology:
Frozen sections of slice cultures, 40 µm. Fig. 4(A-D) represents control and E-H
represents LDN193189 (BMP inhibitor) treated explants. A, B, E and F are 20x
magnifications whereas C, D, G and H are 60x magnifications. A, B, E and F
represent condensation in the columella region. C and G demonstrated
cytoskeletal organization of the condensing cells. B,F, D and H demonstrate
pSmad2 staining indicating active TGF-beta signaling. Fig. 4I is a graphical
representation of cell density in the control and LDN193189 treated explants. J is
a graphical representation of the percentage of pSmad2 positive cells in the
control and Y27632 and Blebbistatin treated explants respectively. Asterisk (*)
indicates statistically significant difference (p<0.05). Scale bar represents 30 µm.
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Figure 5: A tension based model of skeletal condensation
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Supplementary Figure 1: Dorsal and ventral condensations have distinct
cell shapes:
Frozen sections of slice cultures, 40 µm. Suppl. Fig. 1 (A-C) represents
cytoskeletal organization in the otic capsule, ceratobranchial and epibranchial
condensation respectively. Otic capsule and ceratobranchial condensation are
replacement cartilages and epibranchial is a persistent cartilage. Red –
Phalloidin. Magnification is 60X. Scale Bar represents 25 microns.
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Supplementary Figure 2: TGF-β signaling is temporally downregulated in
the columella condensation:
Frozen sections of slice cultures, 40 µm. Suppl. Fig. 2 (A-C) represents pSmad2
expression (green) in the columella region at HH28, HH30 and HH31
respectively. Magnification is 20X. Fig. 2 (D-F) represents cytoskeletal
organization of the columella region at HH28 (D), HH30 (E) and HH31 (F)
respectively. Magnification is 60X. Red – Phalloidin (F-actin). Scale Bar
represents 50 microns.
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Supplementary Figure 3: Condensation is required for overt differentiation
into chondrocytes:
Frozen sections of slice cultures, 40 µm. Suppl. Fig. 3 (A-B) represents Sox9
expression (blue) in the columella region in the control (A) and Cytochalasin D
(B) treated explants respectively. Suppl. Fig. 3 (C-D) represents Col2a1
expression (blue) in the columella region in the control (C) and Cytochalasin D
(D) treated explants respectively. CyD – Cytochalasin D.
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Supplementary Figure 4: FGF or BMP signaling alone is not required for
switch to overt chondrogenesis:
Frozen sections of slice cultures, 40 µm. Suppl. Fig. 4 (A-C) represents Col2a1
expression (blue) in the columella region in the control (A), LDN193189 treated
(B) and SU5402 (C) treated explants
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CHAPTER 4

DISCUSSIONS

In Chapter 2, I tested the role and the nature of signals from the pharyngeal
endoderm specifying the neural crest-derived mesenchyme to a chondrogenic
fate. The hypothesis was that BMP and FGF signaling from the pharyngeal
endoderm, act together to induce and pattern chondrogenic identity in adjacent
postmigratory neural crest derived mesenchyme. I demonstrated the following –

§

Pharyngeal endoderm is sufficient but not required to induce
prechondrogenic identity in the postmigratory neural crest derived
mesenchyme.

§

FGF signaling from the endoderm is both sufficient and required for the
induction of Sox9 and specification of prechondrogenic identity.

§

FGF signaling cannot maintain Sox9 expression over long term and
cannot alone induce Col2a1 expression in the specified mesenchyme.

§

	
  

BMP4 signaling induces and maintains Sox9 expression over long term.
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§

FGF and BMP signaling together induce chondrogenic program/overt
differentiation in the neural crest derived mesenchyme.

§

Once specified, the neural crest derived mesenchyme of the second
pharyngeal arch undergoes overt differentiation autonomously, expressing
Col2a1 at E8.

A role for pharyngeal endoderm in patterning the postmigratory neural
crest

In this study, I present a model in which pharyngeal endoderm is sufficient, but
not required, to specify pre-chondrogenic identity by HH18 and initiate the
chondrogenic program in the postmigratory neural crest-derived mesenchyme
(Kumar et al., 2010). Moreover, FGF signaling is both sufficient and required for
induction of Sox9, but cannot maintain the expression over the long term. BMP4
recombinant protein however both induces and maintains Sox9 expression,
although by itself it is a weak initiator of the chondrogenic program. Combined
FGF and BMP signaling together induce overt differentiation and expression of
the chondrogenic marker, Col2a1 at E8 (Kumar et al., 2010).
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I speculate that the mechanism of patterning of skeletogenic mesenchyme,
demonstrated in this study, is the global mechanism for epithelium regulated
craniofacial patterning in the pharyngeal arches as the endoderm along the AP
axis, share a temporally regulated conserved expression of BMP and FGF
molecules (Creuzet et al., 2004; Minoux et al., 2009).

Is there a differential requirement of pharyngeal endoderm in specifying
the proximal versus distal skeletal elements in the second pharyngeal
arch?

Pharyngeal endoderm is not required to specify prechondrogenic identity in the
proximal mesenchyme (Kumar et al., 2010). Sox9 expression is induced and
maintained even after the removal of pharyngeal endoderm in the recombination
experiments. Signals from the otic epithelium act as an inducer of Sox9 in the
NC-derived mesenchyme. Similarly, neural tube, notochord and 2nd arch Fgf8
expressing surface ectoderm can acts as inducers, but endothelial vessels, such
as the dorsal aorta, cannot (Kumar et al., 2010). Although other tissues are
sufficient, given the distance from the putative columella in vivo, it is likely that
the pharyngeal endoderm acts as the endogenous inducer.
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However, this raises the question of whether the distal elements of the second
pharyngeal arch requires endoderm derived signaling for specification. The
neural tube, the notochord and the otic epithelium are at a considerable distance
from the distal mesenchyme except for the surface ectoderm. The tissue
recombination explants included only proximal mesenchyme; hence explants of
the distal mesenchyme will distinguish the requirement of endoderm.

FGF signaling is sufficient and required to induce, but cannot maintain,
Sox9 expression

Specifying cells that follow the skeletogenic pathway requires exposure to FGF
signaling, with FGF8 signaling being a potent inducer of pre-chondrogenic
identity (Ruhin et al., 2003; Creuzet et al., 2004; Minoux et al., 2009). The role of
FGF8 in specification of skeletogenic mesenchyme is undisputed, but we show
that FGF8 is unable to maintain Sox9 expression in isolated mesenchyme
(Kumar et al., 2010).

There are other Fgf genes in the region, with FGF8 a known regulator of Fgf19
expression (Ladher et al., 2005; Gimeno and Martinez, 2007). The effect of
FGF19 on mesenchymal cells is less robust than FGF8, with a fewer number of
cells expressing Sox9. It is tempting to speculate that the endogenous role of
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FGF19 in the specification or patterning of only a subset of mesenchymal cells.
Given the proximity of the columella cells to pharyngeal endoderm the columella,
it raises the question whether of whether mesenchyme specifically requires
FGF19? Fgf19 expression is detected only in distal portions of the 2nd and 4th
arches, lending credence to this idea. Weaker, spatio-temporally restricted
expression of Fgf3 and Fgf4 in 2nd arch endoderm will also be the subject of
future examination. Zebrafish fgf3 endoderm expression is required for formation
of arches 1-4 (David et al., 2002). Furthermore, the authors suggest that signals
in addition to FGFs are required from endoderm to pattern the skeletal elements
arising from the arches.

BMP and FGF together induces the chondrogenic program

We demonstrate that BMP4 and FGF signaling together are sufficient to induce
chondrogenic program. We propose that BMP4 and FGF signaling, that induces
an autonomous chondrogenic program in the neural crest derived mesenchyme,
originates in the pharyngeal endoderm. Explants from HH14 embryos cultured
with pharyngeal endoderm were able to express Col2a1 at E8. Once the
mesenchyme population is specified, by HH19, chondrogenesis can proceed
even in the absence of pharyngeal endoderm. Thus, pharyngeal endoderm is not
only sufficient to specify pre-chondrogenic identity, but must be the source of a
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multiple signaling molecules, acting to initiate chondrogenesis (Creuzet et al.,
2005). In our mesenchyme explants, FGF8 or BMP4 signaling alone are able to
induce, but only BMP4 signaling can maintain Sox9 expression. Neither signal
alone leads to Col2a1 expression, it is only when FGF and BMP signaling is
combine that Col2a1 transcripts are detected at E8.

In Chapter 3, I investigated the integration of mechanical forces and molecular
signaling leading to skeletal condensation. The hypothesis was that dynamic cell
shape changes, resulting from continuous and coordinated interplay between
molecular signaling, cell cortex tension and adhesive forces, drive mesenchymal
condensation. I demonstrated the following –

§

Tension dependent dynamic cell shape changes drive skeletal
condensation.

§

Cell shapes regulate the activation of FGF and BMP signaling in the
condensing cells.

§

TGF-beta signaling is temporally downregulated during skeletal
condensation.

	
  

159	
  

§

Actomyosin Contractions and differential cell cortex tension are required
for the cell shape changes and negatively regulate TGF-beta signaling
during condensation.

§

Dorsal and ventral skeletal condensations have distinct cellular
morphology.

§

BMP signaling drives the dorsal specific cytoskeletal reorganization.

Dynamic cytoskeletal reorganization drives skeletal condensation

Condensation is a critical to skeletal development (Hall and Miyake, 2000). The
interplay of mechanical forces and molecular signaling drives condensation by
dynamic cytoskeletal reorganization. Earlier studies of skeletal condensation
highlight the temporal requirement of adhesion molecules in initiating and
maintaining condensation (Daniels and Solursh, 1991; Hall and Miyake, 2000;
Barna and Niswander, 2007; Cameron et al., 2009). This infers a role for
dynamic mechanotransduction and cytoskeletal reorganization, which I have
addressed for the first time in this study.
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Is condensation a misnomer in the context of skeletal development?

The columella condensation contains loosely packed cells arranged in a web like
network. The cells are stellate-rhomboid in shape with long cell protrusions
connecting the cells. This is the first report of this novel form of skeletal
condensation. In contrast, the extracolumella condensation is comprised of
densely packed polygonal cells with rigid intercellular connections. Therefore, this
leads to question the classical definition of mesenchymal condensation, an
aggregation of round shaped cells. Previous studies relied on Sox9, PNA and
Col2 as markers (Hall and Miyake, 2000; Woods et al., 2007; Mackie et al., 2008;
Ghosh et al., 2009). Sox9 and PNA label all prechondrogenic cells and therefore
are not exclusive to condensed cells. Col2 is expressed in differentiated
chondrocytes (Wood et al., 2010). Existing literature often blurs the distinction
between condensation and overt chondrogenesis (Stott et al., 1999; Woods et
al., 2007; Ghosh et al., 2009), something I have attempted to rectify in this study
with fluorescent cytoskeletal markers and high-resolution fluorescent microscopy.
I demonstrated that cell density decreases with formation of the condensation in
contrast to earlier reports, where an increase in cell density is proposed as the
mechanism leading to condensation. This disparity can be explained by the in
vitro micromass culture system used in those studies. Micromass cultures begin
as dissociated cells gradually forming adhesions/aggregations and become
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denser (Daniels et al., 1996). This leads to rounding up of the cells giving the
appearance of a condensation. However, the micromass culture does not
accurately reflect in vivo conditions. Based on the findings of this study, the
apparent increase in cell density when labeled with PNA, Sox9 or Toluidine Blue
is more likely a change in cellular morphology, organization and cytoskeletal
architecture than actual increase in cell numbers.

A tension based model of mesenchymal condensation

Tensile forces regulate morphogenetic process such as germ layer organization
and drosophila germ band extension (Daniels et al., 1996; Krieg et al., 2008;
Butler et al., 2009). The results suggest that tensile forces regulate skeletal
condensation. Cell shape changes are a result of opposing tensile forces from
the differential cell adhesion and cell cortex tension (Lecuit and Lenne, 2007).
Thus, cells with stellate-rhomboid shape and elongated cell protrusions appear in
the columella due to differential tensile forces. Also Rho and ROCK driven
actomyosin contractions influence this process. Actomyosin contraction and cell
cortex tension are interdependent. However, this raises the question that how
does the transition from elongated to roundish shape and long to short
protrusions occurs? Two mutually exclusive theories can explain this
phenomenon. Firstly, an alteration of adhesive forces results in decrease in the
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outward pulling forces, which causes shortening of cell protrusions and rounding
of cells. Alternatively, there are active compressive forces acting on the adheren
junctions resulting in the same phenotype.

We have further demonstrated that the differential cell cortex tension and
actomyosin contractions downregulated active TGF-Beta signaling in the
condensing cells suggesting a cross talk between TGF-beta pathway and tensile
forces. The upregulation of TGF-beta signaling with the rounding up of cells
supports the theory that tensile forces negatively regulate TGF-beta pathway.
Previous studies have suggested cell compaction and compressive forces initiate
condensation (Barna and Niswander, 2007; Mammoto et al., 2010). Here we
present a model where tensile forces initiates and pattern condensation. We
propose that a threshold of differential cell cortex tension is required to form a
skeletal condensation. We speculate that cells of the dorsal condensations
experience a higher magnitude of differential cell cortex tension due to BMP
signaling than the cells of the ventral condensations.
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Ventral condensation is the ground pattern set by early FGF signals from
the endoderm

FGF signaling from the pharyngeal endoderm specifies the mesenchyme towards
a chondrogenic identity in the second pharyngeal arch of chick embryos. FGF
and BMP signaling induces an autonomous program towards chondrogenesis.
Once specification occurs, FGF signaling becomes redundant (Kumar et al.,
2010). Based on the results I speculate that the patterning of the condensations
in the second pharyngeal arch is initiated by FGF signaling, which is overridden
by BMP to establish the dorsal identity. Therefore, ventral condensation is the
default ground pattern regulated by FGF from the pharyngeal endoderm and
possibly the surface ectoderm of the second arch, during earlier specification.
The downstream pathway of patterning in the absence in BMP is distinct from the
default ventral pathway, which does not involve TGF-β. Thus, the dorsal
mesenchymal cells have an inherent predisposition to active TGF-Beta signaling
which is suppressed by BMP. There have been previous examples of an
antagonistic relationship between TGF-Beta and BMP pathways during
development including skeletal development (Keller et al., 2011). Here I establish
that the antagonistic relationship exists as a result of the dorsal specific cell
shape changes during mesenchymal condensation regulated by tensile forces.
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BMP signaling, which drives dorsal specific cytoskeletal reorganization, is
mesenchymal in origin

In Chapter 2, I proposed that the early BMP signaling, that specifies
prechondrogenic identity, originates from the endoderm. Here I propose that the
late BMP signaling, which drives the cytoskeletal reorganization in the dorsal
condensations, originates in the mesenchyme. The mesenchyme, independent of
the epithelium, self organizes over several days to form the cartilage template.
This particular temporal regulation by BMP is within a range of twenty-hours
before condensation. Therefore BMP is likely to be expressed in the
mesenchymal cells, activating the Smad1/5/8 pathway in the neighboring cells
within short distances.

Significance of the differential dorsoventral patterning of condensation
regulated by BMP

We propose that the cellular shapes in a condensation inform the final shape of
the cartilage. Actin geometry of the cell determines the orientation of cell division
and therefore regulates the direction of growth. Thus, shape of the skeletal
element is determined at the condensation stage rather than the cartilage shape.
The dorsal bones are broad and flat whereas the ventral bones are elongated
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and thin supporting out theory. Furthermore, studies of Darwin finches have
demonstrated that finches with short and broad beaks have higher early levels of
BMP expression than the finches with long and sharp beak. The divergence in
morphology in beak shape is established during condensation, where the
condensation size and shape foreshadows the future size and shape of the
cartilage element. Thus changes in cell shapes across condensation can
translate into shape changes of the overall skeletal element. This study therefore
provides an explanation of how BMP regulates cartilage shape at the cellular and
molecular level during craniofacial patterning.

Future Directions and Conclusions

Some of the future experiments include testing the role of mechanical forces
exerted by the expanding pharyngeal endoderm in specifying prechondrogenic
identity in the postmigratory mesenchyme. It will also be interesting to
characterize the differential expression of adhesion molecules between the
dorsal and ventral skeletal condensations. Another important question to be
explored in the future is the crosstalk between adhesion molecules and cortical
tension and how that regulates the changes in molecular signaling pathways.
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In this study, I demonstrated the role of FGF and BMP signaling from the
pharyngeal endoderm during specification of prechondrogenic identity in the
neural crest derived mesenchyme of the pharyngeal arches. Additionally, I
demonstrated that tension dependent dynamic cytoskeletal reorganization drive
skeletal condensation and modulate the response of the condensing cells to
FGF, BMP and TGF-β pathways. Dorsal and ventral condensations have distinct
cell shapes and in the absence of BMP signaling, dorsoventral transformation of
condensations occurs. We proposed a tension-based model of skeletal
condensation, where a specific threshold of differential cell cortex tension is
required to form a condensation. In the end, all future studies involving early
skeletal morphogenesis need to be analyzed in the light of the current results.
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